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SUMMARY 


Pyridlnlum  aldoxlmes  such  as  2FAM  are  effective  therapy  la  poisoning  by 
toxic  organophosphorus  compounds.  However,  as  quaternary  aniBonlum  salts,  the 
pyridlnlum  compounds  penetrate  poorly  from  the  serum  Into  tissue  regions 
(e.g.,  the  brain)  where  organophosphorus  anticholinesterase  elicit  pronounced 
physiological  effects.  In  an  effort  to  develop  therapeutics  that  should 
surpass  the  pyridlnlum  aldoxlmes  with  respect  to  tissue  distribution,  we  have 
synthesized  and  evaluated  various  nonquaternary  hydroxylmlno  compounds  as 
reactivators  of  phos phony lated  acetylcholinesterase  (AChE). 

Our  efforts  have  focused  on  three  general  classes  of  compounds: 
a-ketothlohydroxlmlc  acid  dlalkylamlnoalkyl  S-esters,  heteroaromatic 
aldoxlmes,  2j  and  a-heteroaromatlc  thlohydroxlmates , 

0  NOH 

I  I 

RC.H,  C-C-S(CH,)  N(R*),*HC1 
o  4  Z  n  Z 


JL 

In  each  case  we  characterized  the  compounds  with  respect  to  oxime  acid 
dissociation  constant  (pKa),  structure,  and  activity  In  vitro  as  reactivators 
of  eel  AChE  Inhibited  fay  ethyl  p-nltrophenyl  methylphosphonate  (EPMP). 

The  la  vitro  studies  on  type  compounds  are  essentially  complete,  but 
our  Investigations  on  types  ^  and  2.  continuing.  For  this  reason  we  have 
divided  the  current  report  Into  two  major  sections:  Part  I  describes  the 
preparation  and  characterization  of  type  ^  compounds  and  the  development  of  an 
In  vitro  model  for  elucidating  structure-activity  relationships  among  novel 
AChE  reactivators.  Part  II  describes  progress  on  type  2^ and  type  2.  compounds. 

Part  I  discusses  In  detail  the  use  of  EPMP-lnhlblted  eel  AChE  for  deter¬ 
mining  of  kinetic  parameters  for  AChE  reactivation  by  2PAM  and  type  ^ 
compounds.  He  demonstrated  that  under  appropriate  reaction  conditions  ethyl 
methylphosphonyl-AChE  does  not  undergo  complicating  side  reactions  (e.g., 
dealkylation,  spontaneous  reactivation,  enzyme  denaturatlon,  enzyme  relnhl- 
bltlon  Iqr  phosphonyl  oximes)  that  would  otherwise  Interfere  with  determining 
meaningful  reactivation  kinetics.  Of  the  Inhibitor /enzyme  combinations  tried 
and  reported,  we  believe  the  EPMP/eel  AChE  system  to  be  superior  with  respect 
to  accurate  and  convenient  determination  of  kinetics  parameters. 

We  determined  kinetic  parameters  for  reactivation  of  ethyl  methyl- 
phosphonyl-AChE  by  type  ^  compounds  and  2PAM.  The  kinetics  require  a 
mechanism  Involving  reversible  formation  of  a  reactlvator/lnhlblted  enzyme 
complex  followed  by  displacement  of  ethyl  methylphosphonate  from  the  enzyme 
active  surface.  In  terms  of  Inherent  activity  toward  ethyl  methylphosphonyl- 
AChE,  2PAM  Is  SO  to  1000  times  more  reactive  than  any  of  the  type  ^  compounds 
Investigated.  We  have  Interpreted  the  kinetic  data  to  mean  that  type  ^ 


compounds  and  2FAM  bind  equally  well  to  the  Inhibited  enzyme  but  that 
reactlvator/lnhlblted  enzyme  complexes  derived  from  ^  have  many  available 
conformations,  only  a  small  fraction  of  which  feature  a  geometry  suitable  for 
displacing  the  organophosphorus  moiety  from  the  active  surface.  2PAM  appears 
to  be  superior  to  type  ^  compounds  not  because  It  Is  more  Inherently  reactive, 
but  rather  because  It  Is  more  rigid  and  exhibits  a  geometry  well-suited  for 
reactivation. 

We  designed  our  Investigation  of  type  2^  and  ^  compounds  In  part  to 
further  probe  the  relationships  between  reactivator  rigidity  and  activity.  We 
found  that  the  thlohydroxlmate  derivatives,  as  a  class  are  poorer  chan  type 
^  compounds  as  reactivators  of  ethyl  methylphosphonyl-AChE.  This  reinforces 
our  hypothesis  concerning  the  need  for  Incorporating  structural  rigidity  Into 
candidate  AChE  reactivators. 

Although  none  of  the  nonquaternary  reactivators  Investigated  to  date 
equals  2PAM  with  respect  Co  rate  of  reactivation  of  phosphonylated-AChE, 
several  of  the  new  compounds  chat  we  have  prepared  do  exhibit  reasonable 
activity  as  reactivators.  Among  the  most  active  of  the  nonquaCernary 
reactivators  are: 

BrCg  C(0)C(N0H) SCH^  CH2  N( j  *  HCl,  (HON : )CHC ( : NOH) SCH^  CH^NC  CHj ) ^  *  HCl , 

and. 


Each  of  these  compounds,  at  concentrations  of  10~^  to  10~^  H,  completely 
restores  activity  to  ethyl  methylphosphonyl-AChE  within  a  few  hours.  We 
believe  chat  the  currently  available  nonquaternary  reactivators  have  consider¬ 
able  promise  as  research  tools  for  probing  central  nervous  system  activity  of 
toxic  organophosphorus  compounds.  We  further  postulate  chat  through 
appropriate  structural  modifications  It  will  be  possible  to  obtain  nonquater¬ 
nary  reactivators  that  actually  surpass  2PAM  In  terms  of  Inherent  reactivity 
toward  phosphonylaCed  AChE. 

In  developing  new  therapeutics  It  Is  necessary  at  some  point  to  evaluate 
candidate  drugs  In  vitro  and  In  vivo  against  the  specific  toxic  agents  Chat 
the  drugs  are  designed  to  treat.  We  believe  chat  we  have  reached  this 
Juncture  with  nonquaternary  reactivators.  Future  work  will  Involve  synthesis 
of  new  compounds  plus  evaluation  of  compounds  as  reactivators  In  vitro  of  AChE 
Inhibited  by  3,3-dlmethyl-2-buCyl  mechylphosphonofluorldate.  Furthermore,  we 
recommend  that  an  evaluation  of  the  nonquaternary  compounds  In  vivo  versus 
various  toxic  organophosphonates  be  undertaken. 
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Part  1  a-Ketothlohydroxlmates  as  Reactivators  of  Ethyl 
Methylphosphonyl-Acetylcholiaesterase 


INTRODUCTION 


Biologlcally-actlve  organophosphorus  compounds  are  widely  used  in  agri¬ 
culture  and  medicine.^'''  Certain  highly  toxic  organophosphonates  are  also 
stockpiled  for  use  in  war.°~^^  The  potential  for  deliberate  or  accidental 
poisoning  by  organophosphorus  esters  dictates  a  requirement  for  safe  and 
effective  therapeutics* 

Most  toxic  organophosphorus  esters  are  Irreversible  Inhibitors  of 
acetylcholinesterase  (acetylcholine  hydrolase,  EC  3*1. 1.7)  AChE.^*^^~^^ 

The  Inhibition  proceeds  via  phosphylatlon  of  a  serine  hydroxyl  at  the 
"esteratlc"  region  of  the  enzyme  active  site.  Conventional  therapy  of 
organophosphorus  ester  Intoxication  entails  coadministration  of  atropine  [to 
antagonize  the  effects  of  accumulated  acetylcholine  (ACh)]  and  AChE 
"reactivators"  that  restore  activity  to  the  enzyme. Currently, 
pyrldlnlum  oximes  ace  the  only  clinically  used  reactivators.  Examples 
are  2-hydroxyimlnomethyl-l-methylpyridiolum  Iodide  (2PAM)  and 
l,3-bla(4-hydroxyiminomethyl-l-pyrldlnlum)propane  dlbromlde  (TMB4). 

Pyrldlnlum  oximes  can  reactivate  AChE  because  of  two  factors:  an 
oxime  acid  dissociation  constant  (pKa)  equal  to  approximately  8;  and  a 
cationic  moiety  (the  n-alkyl  pyrldlnlum  Ion)  at  the  appropriate  distance 
from  the  oxime  to  give  a  structural  similarity  to  ACh.  The  oxime  acid 
dissociation  constant  contributes  to  a  high  proportion  of  the  anionic 
(oxlmate)  form  of  the  reactivator  at  physiological  pH.  The  oxlmate  acts  as  a 
nucleophile  to  displace  the  organophosphorus  moiety  from  the  serine  hydroxyl. 
The  cationic  moiety  Interacts  electrostatically  with  an  aspartic  acid 
carboxylate  at  the  "anionic"  region  of  the  enzyme  active  site  and  affords 
reversible  binding  of  reactivator  to  the  Inhibited  enzyme.  The  geometry  of 
the  pyrldlnlum  oximes  places  the  oxlmate  close  to  the  phosphylated  serine  so 
that  the  nucleophilic  displacement  reaction  proceeds  readily. 

Although  the  pyrldlnlum  oximes  are  useful  therapeutics,  the  quaternary 
ammonium  functional  group  common  to  this  class  of  compounds  limits  their 
antidotal  activity  Insofar  as  the  hydrophilic  pyrldlnlum  cations  penetrate 


*We  use  the  term  "phosphylatlon"  when  we  do  not  distinguish  between 
"phosphonylatlon”  and  "phosphorylation." 


membranes  poorly.  This  causes  a  disproportionately  high  senim  concentration 
of  the  pyrldlnlum  reactivators,  rapid  renal  elimination,  and  marginal  anti¬ 
dotal  activity  In  regions  (such  as  the  central  nervous  system)  where  organo- 
phosphorus  esters  elicit  pronounced  physiological  responses. 

In  principle.  It  should  be  possible  to  develop  nonquaternary  AChE 
reactivators  that  would  not  only  equal  the  pyrldlnlum  oximes  Inherent  activity 
toward  phosphylated  AChE  but  that  would  exhibit  a  tissue  distribution  more 
like  that  of  hydrophobic  organophosphorus  esters.  We  earlier^  Investigated 
series  of  a-ketothlohydroxlmlc  acid  S-esters,  given  by  the  general  formula, 

0  NOH 

I  I 

RC^H,  C-C-S(CH-)  NRI'HCI 
6  4  Z  n  Z 

I 

where:  R  was  chosen  to  “fine-tune"  the  oxime  the  tertiary  amine  func¬ 

tional  group  was  Incorporated  to  facilitate  penetration  Into  hydrophobic 
tissues  while  also  providing  coulomblc  Interaction  (via  the  protonated 
ammonium  salt)  with  the  anionic  region  of  the  enzyme  active  site;  and  n  was 
varied  to  optimally  separate  the  cationic  and  nucleophilic  moieties  of  the 
reactivator. 

In  the  previous  communication  we  reported  the  synthesis  of  nine  struc¬ 
turally  related  a-ketothlohydroxlmates  and  characterized  them  with  respect  to 
structure,  acidity,  nucleophlllclty,  and  activity  In  vitro  as  reactivators  of 
dllsopropyl  phosphoryl-AChE.  These  were  moderately  active  reactivators  and  we 
tried  to  quantitatively  compare  their  activity  by  determining  reactivation 
kinetics.  Unfortunately,  dllsopropyl  phosphoryl-AChE  undergoes  a  side 
reaction  (dealkylation,  see  below)  with  a  rate  comparable  to  the  reactivation 
reaction.  This  Introduced  uncertainty  Into  our  determination  of  reactivation 
kinetics  and  thwarted  further  attempts  to  establish  quantitative  structure- 
activity  relationships. 

To  resolve  these  Issues  we  have  now  examined  the  activity  of  five  thlo- 
hydroxlmates  as  reactivators  of  ethyl  methylphosphonyl-ACh£  In  vitro.  Our 
objectives  were  to  develop  a  useful  In  vitro  model  to  accurately  determine 
kinetics  of  reactivation,  and  to  establish  structure-activity  relationships 
for  the  thlohydroxlmates  as  reactivators. 

This  report  describes  the  synthesis  of:  2-(dlethylamlno)ethyl 
benzoylthlohydroxlmate  (Code  SR  3018),  (R  *  Br,  n  >  2,  R*  -  C2Hj); 

3- (dlmethylamlno) propyl  p-bromobenzoylthlohydroxlmate,  (R  -  Br,  n  -  3,  R'  ■■ 
CH^;  the  related  compounds  n-propyl  p-bromobenzoylthlohydroxlmate, 


and  2-(dlinethylamino)ethyl  thloglyoxlmate, 

HON  NOH 

I  I 

H-C  C-SCH2CH2N(CH2)2*HC1 
3 

We  also  detail  our  evaluation  of  selected  thlohydroxlmates  as  reactivators  in 
vitro  of  AChE  inhibited  by  ethyl  ^rnitrophenyl  methylphosphonate  (EPMP) .  For 
comparison,  we  examined  the  activity  of  2-hydroxyimlnomethyl-l-methyl- 
pyrldlnlum  iodide,  4  as  a  reactivator  of  EPMP-lnhlblted  AChE. 


RESULTS  AND  DISCUSSION 


Synthesis  and  Structure 

Table  1  shows  structures  and  pertinent  data  for  compounds  used  In  the 
current  Investigation.  We  prepared  the  new  compounds  la.  Id,  and  ^  as 
previously  described^®  for  lb  and  Ic  via  reaction  cl)  and  (2): 


0  0  NOU 

1  I  1 

RC,H,CCH-  +  IPrONO  — —r - ►  RC,H,C-C-C1  (1) 

6  4  3  HCl  6  4 


0  NOH 

n  I 

RC^H^C-C-Cl  +  HS(CH  )  R’ 


0  NOH 
I  I 

RC3,C-C-S(CH,)  R'  (2) 

D  4  4  n 

1  and  2 


We  obtained  the  thloglyoxlmate,  by  chlorination  of  glyoxlme  followed  by 
esterification  with  2-(dlmethylamlno)ethane  thiol,  reactions  (3)  and  (4): 


HON  NOH  HON  NOH 

II  II 

HC-C-H  +  SO^Cl^ - ►  HC-C-Cl  (3) 


HON  NOH  HON  NOH 

II  ft  I 

H-C-C-Cl  +  HSCH^CH^NCCH^)^ - ►  H-C-C-SCH2CH2N(CH^)2*HC1  (4) 


3 


We  previously  showed  that  for  various  ^  oxime  acidity  correlated  well 
with  -NO-H  proton  NMR  chemical  shift.  Combining  data  for  la.  Id,  3. 
and  glyoxlme  (pK  -  9.9,  NMR  ■  11.62  6)  with  data  previously  obtained®  fo 
a-ketothlohydroximates  gives  equation  (5): 


pK  -  (28.6  ±  1.2)  -  (1.62  ±  0.096)6 


(5) 


Slallarly  for  J^wlch  a  ■  2,  R'  -  ^2%*  ^  *  ^2* 

data  of  Tab^  1  and  reference  18  correlate  with  tne  Hwunett  substituent 

constant  o  ^  to  give  equation  (6): 

P 

pK  -  (7.61  ±  0.005)  -  (0.78  ±  0.01)a  (6) 

a  p 

On  the  basis  of  IR  spectral  data,  ne  previously  proposed  an  E-configura¬ 
tion  for  a-ketothiohydroximates  with  six-center  intranolecular  hydrogen 
bonding  of  the  hydroxyimino  proton  to  the  a-carbonyl  group.  Compounds  (la) 
and  (2)  should  also  exist  in  the  B-configuration. 


I 

,C 


O  ! 


^(CH2)„NR^ 

E-a-Ketothiohydroximate 

JA-1043-140 

The  NMR  spectrum  of  3_  exhibited  two  hydroxyimino  proton  signals:  a  broad 
resonance  centered  at  12.4  ppm  and  a  sharp  peak  at  11.84  ppm.  The  me thine 
■C-H  proton  resonance  for  ^  was  centered  at  7.80  ppm.  By  comparison,  the  NMR 
of  glyoxlme  in  OMSO-d^^^  shows  hydroxyimino  protons  at  11.62  and  me thine 
protons  at  7.83  ppm.  These  data  suggest  that  one  of  the  hydroxyimino  protons 
in  is  Internally  hydrogen  bonded  and  that  the  ocher  retains  the  same  con¬ 
figuration  as  in  glyoxlme.  A  structure  consistent  with  these  data  is  the  E, 
E-thlohydroxlmate: 


^CHjCHjNCCHgjj 
E,E-Configuration  for  3 


JA-1043-141 
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Control  Experiments 


The  Inhibition  of  AChE  by  EPMP  and  subsequent  reactions  of  ethyl 
methylphosphonyl-AChE  in  the  presence  or  absence  of  oximate  reactivators  are 
described  by  equations  (7)  through  (15): 


EOH  +  Rp-C2H50(Me)P(0)0CgH^N02 - ^  E0P(0)(Me)0C2H5-Sp 

+  HOCgH^NO^ 


EOH  +  S  -C2H50(Me)P(0)CgH^N02 


E0P(0)(Me)0C2H^-Rp  (8) 

+  H0CgH^N02 


C2H50(Me)P(0)0CgH^N02  +  CK  +  H 


,+  *^9 


C2H30(Me)P(0)0X  (9) 

+  H0C^H^N02 


E0P(0)(Me)0C2H5  +  H2O 


EOH  +  H0P(0)(Me)0C2H^  (10) 


P 

i 


E0P(0)(Me)0G2Hj  (or  EOH)  4-  H2O 


E0P(0)(Me)0C2H^  +  H2O 


denatured  enzyme  (11) 


E0P(0)(Me)0H  +  HOC2H5 


E0P(0)(Me)0C2Hj  +  OX  +  H  \ '  "*■  -»  [E0P(0)(Me)0C2Hj»0X]  (13) 

k 

- - — ►  EOH  +  C2H50(Me)P(0)0X 


*14  + 

C2H50(Me)P(0)0X  +  EOH  - — — ►  E0P(0)(Me)0C2H5  +  OX  +  H  (14) 


C2Hj0(Me)P(0)0X  +  H2O 


products 


(15) 


K. 


BOX  2 


+  H 


(16) 


Equations  (7)  and  (8)  show  the  reaction  of  enzyme  (EOH)  with  EPMP  to 
yield  ethyl  methylphosphonyl-ACh£,  E0P(0)Me(0C2Hj).  The  designations  R  -  and 
S  -  In  equations  (7)  and  (8)  refer  to  the  stereochemical  configuration  about 
the  chiral  phosphorus  atom  In  EPMP.  By  analogy  with  other  chiral  phosphonate 
esters^^~^^,  one  Isomer  of  EPMP  (probably  the  E.-*  enantiomer)  should  Inhibit 
AChE  more  rapidly  than  the  other  Isomer.  For  clarity.  In  reactions  (9) 
through  (15)  we  have  omitted  designations  for  the  stereoisomers  of  EPMP  and 
Its  derivatives. 

Reaction  (9)  shows  formation  of  phosphonyl  oxime,  C2He0(Me)P(0)0X,  by 
direct  reaction  of  EPMP  with  the  oxlmate  form  of  a  reactivator  (OX). 

Reactions  (10)  and  (11)  are  unlmolecular  reactions  of  Inhibited  (or 
uninhibited)  enzyme.  Reaction  (10)  Is  the  spontaneous  reactivation  process 
and  reaction  (11)  Includes  any  nonspecific  reactions  that  lead  to  uncoverable 
loss  of  enzyme  activity.  Reaction  (12)  shows  dealkylation  of  ethyl  methyl- 
phosphonyl-AChE  to  a  species,  E0P(0)(Me)0H,  that  cannot  be  reactivated  by 
oxlmates. 

As  shown  In  reaction  (13),  the  reaction  of  oxlmate  with  Inhibited  enzyme 
proceeds  via  reversible  formation  of  an  oxlmate/lnhlblted  enzyme  complex, 
[E0P(0)(Me)0C2H.*0X] ,  followed  by  nucleophilic  attack  on  phosphorus  to  yield 
active  enzyme  au  phosphonyl  oxime.  Phosphonyl  oxime.  In  turn,  partitions 
between  two  pathways:  relnhlbltlon  of  AChE  [reaction  (14)]  or  hydrolytic 
decomposition  to  nonlnhlbltory  products  [reaction  (15)]. 

Finally,  reaction  (16)  Is  the  acid-base  equilibrium  between  oxlmate  and 
oxime  (BOX). 

The  scheme  given  by  reactions  (7)  through  (16)  demonstrates  the 
complexity  of  the  AChE-lnhlbltor-reactlvator  system.  Reactivation  kinetics 
can  be  accurately  determined  and  meaningfully  Interpreted  only  when  reaction 
(13)  greatly  predominates  reactions  (9)  through  (12),  (14)  and  (15). 

We  originally  chose  to  Investigate  EPMP  as  an  Inhibitor  because  ethyl 
methylphosphonyl-AChE  reportedly^^  undergoes  reactions  (10)  and  (12)  very 
slowly.  We  planned  to  circumvent  problems  associated  with  reaction  (7)  and 
the  presence  of  unreacted  Inhibitor  by  adding  EPMP  to  a  slight  excess  of  the 
enzyme.  We  recognized  that  reactions  (8),  (9),  and  (14)  could  Introduce 
complicating  factors  but  anticipated  that  reaction  (13)  would  predominate 
under  conditions  of  high  reactivator  concentration  and  low  enzyme  concen¬ 
tration.  Under  such  conditions,  reaction  (13)  Is  first-order  In  [AChE]  and 


pseudo-zero-order  In  [OX].  Reaction  (8)  and  (14),  however,  are  second- 
order  overall,  i.e.,  Hrst-order  In  [AChE]  and  also  first  order  In 
[S  -C2H30(Me)P(0)C^H4N02]  or  in  (C2U5O(Me}P(0)0X] ,  respectively.  Thus  low 
enzyme  concentrations  should  favor  reaction  (13). 

To  determine  the  accuracy  of  these  expectations  we  first  measured  enzyme 
activities  under  different  reaction  conditions  and  at  different  time  points. 
The  values  determined  were: 


uninhibited  AChE  activity 
AChE  activity  at  time  t 


I  • 


Ag|^^(t  min)  ■  maximal  AChE  activity  observed  (t  "  duration  of  experiment) 
A^  *  AChE  activity  after  addition  of  EPMP 

The  first  step  was  to  determine  the  concentration  of  EPMP  that  would 
inhibit  various  levels  of  purified  eel  AChE  to  approximately  5Z  of  original 
activity.  For  a  solution  of  AChE  at  a  nominal  concentration  of  65  ACh  unlts- 
mL"^,  incubation  with  0.40  pM  of  EPMP  yielded  maximal  inhibition  (12Z  of 
original  activity)  within  30  to  60  min.  A  rough  estimate  of  the  rate  of  the 
inhibition  reaction  gave  ky  •  3  x  10^  M*^  mln~^  at  25"C. 


We  next  examined  spontaneous  reactivation  of  inhibited  enzyme,  reaction 
(10),  as  a  function  of  enzym  concentration  at  37*C.  We  inhibited  a  stock 
solution  of  62.5  ACh  U.-mL~^  AChE  to  approximately  5Z  of  original  activity. 
The  stock  solution  of  inhibited  enzyme  was  then  diluted  to  three  different 
concentrations  (3.13,  0.625,  and  0.125  ACh  U.-mL~^  of  total  AChE,  and 
incubated  for  time  intervals.  We  withdrew  aliquots  from  each  incubation 
solution  and  diluted  the  aliquots  Into  substrate  solution  for  assay  of 
activity,  choosing  the  final  aliquot  volumes  and  dilution  factors  to  give 
Identical  concentrations  of  total  enzyme  In  the  assay  solution  for  all  three 
Incubation  solutions.  In  this  experiment  we  determined  rate  constants  for 
spontaneous  reactivation  according  to  equation  (17): 


In(Aj) 


“lo”' 


(17) 


The  results  In  Table  2  show  that  both  the  rate  of  reaction  (10)  and  the 
maximal  activity  observed  after  1440  min  Incubation  of  Inhibited  enzyme  varied 
Inversely  with  the  concentration  of  total  enzyme  In  the  Incubation  solution. 
This  Indicates  that  some  EPMP  remalxwd  In  solution  (probably  the  less  reactive 
S  -  enantiomer)  after  the  Initial  rapid  Inhibition  of  the  stock  enzyme  solu¬ 
tion  and  that  at  long  reaction  times  additional  enzyme  Inhibition  [reaction 
(8)]  competed  with  reaction  (10). 

To  probe  the  effects  of  enzyme  level  on  reactivation  of  ethyl  methyl- 
phosphonyl-AChE  by  oxlmates,  we  repeated  the  above  experiment,  diluting  the 
stock  solution  of  Inhibited  enzyme  to  three  concentrations  Into  0.010  mM 
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Table  2 


SPONTANEOUS  REACTIVATICXi  OF  ETHYL  METHYLPHOSPHONYL-AChE  AT 
THREE  C(»fCENTRATIONS  OF  TOTAL  ENZYME 


Total  lAChE]* 

A 

(t  •  1440  min) 

k  ^ 

no 

ACh-U.-mL"^ 

liMrmin”^ 

uM-min'"^ 

pMrmin”^ 

mitt”^  X  10^ 

0.125 

12.5 

0.676 

3.31 

0.85  ±  0.1 

0.625 

12.5 

0.875 

2.53 

0.45  ±  0.69 

3.13 

12.5 

0.548 

1.43 

0.35  ±  0.21 

*Total  [AChE]  In  incubation  solution. 

"ACHE  activity  In  assay  solution.  Not  equal  to  AChE  activity  In  Incubation 
solution. 

^For  definition  of  symbols,  see  text. 

^Calculated  according  to  Equation  (17),  Icj^q  Is  the  observed  rate 
constant  for  spontaneous  reactivation. 


As  before,  we  withdrew  aliquots  at  timed  Intervals  for  assay,  choosing  aliquot 
volumes  to  give  the  same  level  of  total  enzyme  In  all  three  assay  solutions. 


Figure  1  shows  the  results  of  this  experiment,  and  Illustrates  two 
Important  points.  First,  the  rates  of  oxlmate-lnduced  reactivation  varied 
Inversely  with  the  level  of  enzyme  In  the  Incubation  solution.  Second,  at  the 
lowest  AChE  concentration  Investigated,  ^  completely  restored  AChE  activity  to 
control  (uninhibited)  values. 


The  effect  of  AChE  level  on  reactivation  rates  Indicates  that  relnhl- 
bltlon  of  the  enzyme  by  phosphonyl  oxime  [reaction  (14)]  was  slmlflcant  only 
at  the  two  higher  AChE  concentrations.  At  the  0.125-ACh  U.-mL''^  level  of 
AChE,  enzyme  reactivation  [reactions  (13)  and  (15)]  predominated  over  the 
relnhlbltlon  reaction,  and  for  this  reason  we  performed  all  subsequent 
reactions  at  the  0.12S-ACh  U.mL**^  level.  The  complete  restoration  of  AChE 
activity  by  ^  also  demonstrated  that  dealkylation  [reaction  (12)]  was  slow 
compared  with  reaction  (13).  We  further  proved  the  unimportance  of  reaction 
(12)  In  a  separate  experiment  by  Incubating  ethyl  methylphosphonyl-AChE  for 
timed  Intervals  at  2S*C  before  adding  the  Inhibited  enzyme  to  1.0  mM  ^  and 
assaying  for  activity  after  reactivating  the  enzyme.  In  this  experiment,  ^ 
reactivated  AChE  to  106Z  and  931  of  uninhibited  enzyme  activity  after  pre- 
Incubatlon  periods,  respectively  of  6  and  28  h. 


As  a  final  control,  we  studied  the  oxlmate-lnduced  reactivation  of  ethyl 
methylphosphonyl-AChE  as  a  function  of  time  and  concentration  of  added  3*  For 
comparison  we  also  monitored  spontaneous  reactivation  In  the  absence  of  added 
3_  and  the  loss  of  activity  of  uninhibited  enzyme. 

Figure  2  shows  the  results  of  this  experiment  and  demonstrates  that  rates 
of  uninhibited  enzyme  denaturatlon  and  spontaneous  reactivation  of  Inhibited 
AChE  were  slow  compared  with  oxlmate-lnduced  reactivation.  As  with 
reactivation  with  high  concentrations  of  3_  totally  restored  AChE  activity  to 
control  values. 


In  sunnary,  appropriate  control  experiments  have  demonstrated  that  under 
suitable  reaction  conditions  the  oxlmate-lnduced  reactivation  of  ethyl  methyl¬ 
phosphonyl-AChE  proceeds  to  the  virtual  exclusion  of  complicating  side 
reactions.  The  EPMP-lnhlblted  eel  AChE  system  appears  to  be  Ideally  suited  to 
determination  of  reactivation  kinetics.  Accordingly,  we  examined  rates  of 
reactivation  of  ethyl  methylphosphonyl-AChE  as  a  function  of  concentration  of 
added  ^  ^  ^  and  The  following  section  describes  the  results  of  this 
Investigation. 

Reactivation  Kinetics 


Incubation  of  ethyl  methylphosphonyl-AChE  with  a  large  excess  of  reacti¬ 
vator  restores  enzyme  activity  according  to  pseudo-first-order  kinetics, 
eqtiatlon  (18): 


In(lOO-R)  -  k  ,  -t 
obs 

19. 


(18) 


120  180 
INCUBATION  TIME,  min 
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FIGURE  1  REACTIVATION  OF  ETHYL  METHYLPHOSPHONYL-AChE 
BY  0.010  mM  4  AT  37«C  AS  A  FUNCTION  OF  TOTAL 
ENZYME  CONCENTRATION  IN  THE  INCUBATION  SOLUTION 

(Error  bars  indicatt  maans  ±  S.E.  for  n  ■  4  datarminationt.) 


0  60  120  180  240  300  360 

INCUBATION  TIME,  min 
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FIGURE  2  REACTIVATION  OF  ETHYL  METHYLPHOSPHONYL-AChE 
BY  VARIOUS  CONCENTRATIONS  OF  3:  0.030  mM  3, 

®— — ®  ;  0.10  mM  3,  0—0 ;  0.20  mM  3. 

A - ^  ;  0.60  mM  3,  O  '  -O ;  NO  ADDED  3, 

X - K  ;  UNINHIBITED  AChE,  •— - . 
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where: 


kobg  ~  observed  first-order  rate  constant 
for  reactivation 

R  -  percent  reactivation 

-  100(At  -  Aj)/(A^  -  Aj) 

Ag  •  control  AChE  activity 

-  Aj,  or  1/2  A^  +  A^  (for  ±]  , 

and  A^  and  A^  are  as  defined  In  the  preceding  section. 

We  determined  reactivation  kinetics  for  ^  and  for  the  compounds  listed  In 
Table  1.  The  exact  procedure  Is  described  In  the  experimental  details 
section.  Briefly,  we  Incubated  EFMP  with  a  slight  excess  of  AChE  for  20  min 
to  produce  ethyl  methylphosphonyl-ACh£.  The  Inhibited  enzyme  was  then  diluted 
Into  solutions  containing  various  concentrations  of  reactivators,  and  aliquots 
were  withdrawn  at  timed  Intervals  for  assay  of  activity.  In  each  experiment 
Involving  a  nonquaternary  reactivator,  we  Included  at  least  one  concentration 
of  ^  to  serve  as  a  standard.  In  experiments  where  .^biax  for  reactivation  by  ^ 
was  nearly  Identical  to  A^,  we  defined  control  activity,  A^,  as  the  mean  value 
of  A  and  A^^^.  In  cases  where  reactivation  by  ^  did  not  go  to  completion 
within  the  duration  of  the  experiment  we  set  A^  equal  to  A  .  Spontaneous 
denaturatlon  of  AChE  was  negligible  In  all  cases  studied,  in  calculating 
values  for  R,  we  corrected  for  any  contribution  to  observed  activity  due  to 
spontaneous  reactivation.  To  do  this,  we  directly  determined  A^  values  at 
each  time  point  for  the  experiment  and  used  these  values  to  calculate  R. 

Table  3  summarizes  k^^g  values  and  other  pertinent  data  for  the  kinetic 
experiments.  For  most  runs,  the  reaction  kinetics  adhered  well  to  equation 
(18);  semi- logarithmic  plots  of  (100  -  R)  versus  time  were  typically  linear  to 
90%  reactivation  for  experiments  that  were  followed  to  high  conversion. 

Figure  3  shows  typical  data  plotted  according  to  equation  (18)  for  several  of 
the  test  compounds.  For  clarity,  not  all  of  the  kinetic  runs  are  plotted  In 
Figure  3.  In  most  runs  spontaneous  reactivation  was  negligible  compared  with 
oxlmate-lnduced  reactivation.  For  some  relatively  poor  reactivators  at  low 
concentrations,  spontaneous  and  Induced  reactivation  proceeded  at  comparable 
rates,  but  the  contribution  due  to  spontaneous  hydrolysis  could  be  accurately 
subtracted. 

To  relate  observed  reactivation  kinetics  to  the  mechanism  for  reactiva¬ 
tion  shown  In  reaction  (13)  we  treated  the  data  of  Table  3  according  to 
equation  (19): 


60 


120  180  240  300  360  420 

INCUBATION  TIME,  min 

JA-1043-20 

FIGURE  3  SEMI  LOGARITHMIC  PLOT  OF  (100-%  REACTIVATION) 
VERSUS  INCUBATION  TIME  FOR  REACTION  OF  ETHYL 
METHYLPHOSPHONYL-AChE  WITH  COMPOUND:  1b. 

0—0 ;  1c,  □ - □  ;  2,®— <S>  :  AND 


where  [OX]  Is  the  concentration  of  oxlmate  Ion  at  pH  7.6,  calculated  from  the 
concentration  of  added  test  compound,  [HOX]  as  In  equation  (20) 


[OX]  -  [HOX]  {1  +  antllog[pK  -  7.6]}”^ 


(20) 


The  derivation  of  equation  (19)  Is  straightforward  and  has  been  described 
elsewhere. We  used  the  concentration  of  oxlmate  (as  opposed  to  [HOX])  In 
equation  (20)  because  the  protonated  form  of  the  oxime  Is  essentially 
unreactlve  as  a  nucleophile  or  as  a  reactivator. 

According  to  equation  (19),  a  plot  of  (k^jjg)”^  versus  [0X]“^  Is  linear 
with  slope  ■  Intercept  ■  l/k^.  Such  plots  therefore  permit  the 

calculation  of  the  Individual  rate  constants  for  reactivation,  and  K-.  It 
can  also  be  shown, that  In  the  limit  of  low  reactivator  concentration 
([OX]  «  Kp)  the  ratio  of  k_  to  Is  equivalent  to  an  apparent  blmolecular 
rate  constant  for  reactivation,  l.e.: 


kj/Kj  -  H 


(21) 


The  blmolecular  reactivation  rate  constant,  k.  ,  Is  a  measure  of  the 
Inherent  activity  of  an  oxlmate  as  a  reactivator  ox  the  Inhibited  enzyme. 
Because  various  oximes  and  thlohydroxlmates  Ionize  to  different  extents  at  pH 
7.6,  we  define  an  effective  rate  constant  for  reactivation  of  Inhibited  AChE 
as  the  product  of  lu  and  the  fraction  of  added  test  compound  present  as 
oxlmate  at  pH  7.6,  l.e.. 


l^eff  “  kjj[l  +  antllog(pK^  -  7.6)] 


(22) 


Table  4  summarizes  values  for  reactivation  rate  constants  calculated  from 
the  data  of  Table  3  using  equations  (19)  through  (22).  Figure  4  Is  a  double¬ 
reciprocal  plot  of  the  data  according  to  equation  (19)  for  ^a^  through  Ic, 
and  Figure  4  does  not  show  data  for  and  ^  because  of  the  differences  In 
scale.  In  examining  Table  4,  It  may  be  helpful  to  recall  that  K^,  by  defini¬ 
tion,  equals  [OX] [E0P(0)(Me)0C2Hj]/[E0P(0)(Me)0C2H^*0X]  and  that  a  low  value 
for  reflects  a  high  proportion  of  oxlmate  present  as  the  oxlmate/lnhlblted 
enzyme  complex. 

Table  4  and  Figure  4  demonstrate  that  the  kinetic  data  conformed  well  to 
equation  (19).  Least-squares  linear  regression  of  the  data  for  experiments  1 
through  8  gave  slopes  with  reasonably  small  relative  uncertainty.  Relative 
uncertainties  were  larger  In  calculations  of  Intercept  values,  but  least- 
squares  correlation  coefficients  Indicated  a  good  fit  of  Che  data  to  equation 
(19). 
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FIGURE  4  RECIPROCAL  OBSERVED  RATE  CONSTANT  FOR  REACTIVATION, 


-1 


VERSUS  RECIPROCAL  OXIMATE  CONCENTRATION 
FOR  REACTIVATION  OF  ETHYL  METHYLPHOSPHONYL-AChE  BY: 
la,  A  Ib.O  □;  2.0  O;  AND  3,®—® 
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The  precision  of  the  kinetic  data  demonstrates  the  general  utility  of 
ethyl  methylphosphonyl-AChE  as  an  in  vitro  model  for  evaluating  AChE 
reactivators •  Other  inhibitors  have  been  investigated  as  in  vitro  models  for 
reactivation  but  most  of  the  literature  models  suffer  Important  disadvan¬ 
tages.  Examples  of  phosphylated  AChE's  and  complicating  f|ct^rs  are  3,3- 


dlmethyl-2-but:yl  methylphosphonyl-AChE  (rapid  dealkylation 


incomplete 


reactivation'^'') ,  cyclopentyl  methylphosphonyl-AChE  (rapid  dealkylation,-'^ 
relnhlbltion  1w  phosphonyl-oxlme^^),  dlisopropyl  phosphoryl-ACUE  (rapid 
dealkylation^”),  ethyl  dlmethylphosphoramldo-AChE  (dealkylation^^,  low  rates 
of  reactivation^^)  and  diethyl  phosphoryl-AChE  (relnhlbltlon”^*””) • 

Similarly,  for  any  in  vitro  model  system,  different  approaches  to  deter¬ 
mining  reactivation  kinetics  may  or  may  not  provide  meaningful  data.  For 
example,  determining  percent  activity  restored  to  inhibited  AChE  after  incuba¬ 
tion  with  one  concentration  of  reactivator  for  a  single  time  period  is  con¬ 
venient  for  preliminary  screening  of  novel  reactlvators,^^*^^  but  cannot  be 
used  to  calculate  reactivation  rates.  Determination  of  observed  pseudo-first- 
order  rate  constants  for  reactivation  at  a  single  concentration  of  reactivator 
is  sometimes  used  to  calculate  bimolecular  rate  constants,  assuming  a  simple 
second-order  kinetic  expression  for  the  reactivation  reactlon.^^~^^  However 
this  assumption  is  clearly  invalid  in  view  of  the  well-establlshed^^~^” 
mechanism  for  reactivation  shown  in  reaction  (13).  It  is  also  invalid  to 
calculate  rate  constants  for  reactivation  according  to  equation  (19)  if  rein- 
hlbltlon  of  the  enzyme  by  phosphonyl  oxime  is  demonstrably  important  under  the 
experimental  conditions  used.^^ 


In  summary  there  is  a  definite  need  for  a  well-characterized  in  vitro 
model  system  for  determining  kinetics  of  reactivation  of  phosphylated-AChE . 

Of  the  many  systems  described  in  the  literature  few,  if  any,  are  wholly 
satisfactory.  By  contrast,  ethyl  methylphosphonyl-AChE  proves  to  be  excep¬ 
tionally  \iseful  for  kinetic  determinations.  Under  the  conditions  that  we  have 
chosen,  reactivation  of  ethyl  methylphosphonyl-AChE  ^  oximates  proceeds 
without  substantial  interference  from  complicating  side  reactions.  The  system 
conforms  well  to  a  simple  rate  expression  and  accurate  reactivation  kinetics 
can  be  conveniently  determined.  The  inhibitor  (EPMP),  enzyme  (eel  AChE),  and 
standard  reactivator  (4^  reported  herein  are  all  obtainable  conveniently  and 
in  high  purity  and  this  should  facilitate  comparison  of  data  obtained  in 
different  laboratories  using  the  single  model  system. 

Structure-Activity  Relationships 

Having  developed  a  useful  in  vitro  model,  we  wished  to  examine  structure- 
activity  relationships  for  the  thiohydroxlmates.  The  goal  was  to  relate 
specific  chemical  and  structural  properties  of  the  nonquaternary  reactivators 
to  the  kinetic  constants  k  ,  K^,  and  k|^.  He  anticipated,  for  example,  that  k^ 
values  nlEht  correlate  with  the  inherent  nucleophlllclty  (and  hence  to  the 
basicity)^”  of  the  oximates  and  that  values  would  vary  with  structural 
changes  (such  as  replacing  the  dlethylamino  moiety  in  ^  with  a  methyl  group, 
as  found  in 
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Surprisingly,  however,  the  individual  values  of  and  K_  did  not  vary  in 
a  systematic  fashion  with  oximate  structure  or  inherent  reactivity.  Compounds 
2^  and  2.  example  exhibited  identical  values  and  the  two  oximates  should 
feature  similar  Bronsted  nucleophilicities.  However,  compounds  2_  and  3_ 
showed,  respectively,  the  lowest  and  highest  values  of  all  the  reactivators 
tested. 

Similarly  we  expected  to  exhibit  a  distinctly  low  affinity  for 
inhibited  enzyme  (and  hence  an  unusually  high  value  for  K^)  because  of  all  the 
reactivators  reported  herein  only  does  not  feature  a  protonated  or  quater¬ 
nary  amine  functionality  to  provide  coulombic  interactions  with  the  enzyme 
anionic  region.  We  found,  however,  the  value  for  ^  to  be  identical  (within 
a  factor  of  two)  with  values  for  ^  and 

Thus  we  conclude  that  k^  and  values  cannot  be  considered  Independently 
in  elucidating  structure-activity  relationships  for  AChE  reactivators,  that  k^ 
and  K-  are  coupled,  and  that  only  k^  values  genuinely  reflect  the  reactivity 
of  oximate  reactivators. 

To  date,  the  literature  has  not  adequately  addressed  the  Interdependence 
of  k_  and  values  and  the  mechanistic  implications  of  our  findings  deserve 
furtner  comment.  In  this  regard,  it  is  important  to  recall  that  K  is  not 
truly  a  direct  measure  of  the  fraction  of  total  oximate  bound  to  the  anionic 
region  of  the  inhibited  enzyme*  Rather,  derives  from  observed  rate 
constants  for  restoration  of  enzymatic  activity,  and  the  value  of  therefore 
only  reflects  the  fraction  of  bound  oximate  that  contributes  to  reactivation. 

Any  molectile  (including  any  oxlmate/inhibited  enzyme  complex)  exists  in  a 
finite  number  of  low  energy  conformations  that  are  accessible  at  ambient 
temperature.  For  a  particular  oxlmate/lnhlblted  enzyme  complex  only  those 
conformations  that  feature  the  *  NO**  moiety  suitably  positioned  to  approach 
phosphylated  serine  will  result  in  reactivation*  Also,  the  inherent  nucleo- 
phlllclty  of  the  oximate  will  determine  the  rate  at  which  nucleophilic  attack 
on  phosphylated  serine  proceeds  for  any  conformer  of  reactivator/inhibited 
enzyme  complex.  Thus  k^  and  K.  values  depend  not  only  on  oximate  reactivity 
but  also  on  geometry  of  the  oxlmate/inhibited  enzyme  complex.  This  inter¬ 
dependence  between  oximate  reactivity  and  structure  necessarily  couples  k^  and 
values  and  precludes  interpretation  of  individual  values  of  these 
constants. 


Differences  in  oxlmate/inhibited  enzyme  complex  conformations  may  also 
explain  the  generally  lower  activity  of  the  nonquatemary  reactivators 
compared  with  Table  4  shows  that  for  ^  is  lower  by  a  factor  of 

approximately  10^  than  K.  values  for  2j  and  3*  In  view  of  the  foregoing 

discussion  we  do  not  believe  that  the  low  value  for  4  indicates  a  parti¬ 
cularly  high  affinity  of  the  pyrldinium  oxime  for  the  Inhibited  enzyme. 
Rather,  we  consider  that,  as  a  first  approximation,  ^  ^  and  form 
oxlmate/inhibited  enzyme  complexes  equally  well.  Two  observations  support 
this  view.  First,  we  observed  previously^^  that  ^  and  its  methyl  quaternary 
analog,  Me0CgH4C(0)C(N0H)CH2CH2N(C2H3)*CH3l,  do  not  differ  greatly  in 
reactivity  toward  phosphylated  AChfi.  Second,  Table  4  demonstrates  that  2, 


which  is  devoid  of  an  aaine  functionality,  is  oarkedly  inferior  to  and  as 
a  reactivator.  Thus  the  protons ted  dialky laminoalkyl  ooiety  coanon  to  ^  and  3_ 
does  provide  electrostatic  binding  of  osinate  to  the  inhibited  enzyae. 

Because  simple  couloabic  interactions  between  the  AChE  aspartate  and  the 
(quaternary  or  protonated)  aaaonlua  functionalities  of  ^  3^  ond  ^  should  be 
roughly  equivalent,  it  seeas  unreasonable  to  attribute  the  comparatively  high 
reactivity  of  ^  to  enhanced  affinity  toward  inhibited  AChE.  Rather,  it  is 
likely  that  the  nonquaternary  reactivators  differ  from  ^  priaarily  with 
respect  to  conformational  degrees  of  freedom.  Because  ^  and  are  rather 
flexible,  we  suggest  that  the  nonquaternary  reactivators  coablne  with  phos* 
phylated  AChE  to  yield  an  oxlmate /inhibited  enzyme  complex  featuring  many  loir* 
energy  conformations,  only  a  small  fraction  of  which  have  the  oxiaate  moiety 
positioned  close  to  phosphylated  serine.  In  the  case  of  the  more  rigid 
molecule,  ^  a  higher  proportion  of  oximate/inhlbited  enzyme  complex  conforma¬ 
tions  have  geometries  that  favor  nucleophilic  attack  on  phosphylated  serine. 

Thus  in  terms  of  free  energy  of  activation  for  reactivation  of  phos- 
phylated-AChE ,  we  propose  that  the  nonquatemary  reactivators  with  dlalkyl- 
amlnoalkyl  groups  and  ^  do  not  exhibit  appreciably  different  enthalpies  of 
actlvatian;  the  binding  affinities  are  approximately  equal  in  both  cases. 
Rather,  the  difference  in  reactivity  apparently  relate  to  entropic  factors, 
l.e.,  to  degrees  of  freedom  for  the  oximate/inhlbited  enzyme  complexes. 


CONCLUSIONS 


The  search  for  AChE  reactivators  for  treating  organophosphorus  ester 
poisoning  has  continued  unabated  for  the  last  25  years.  Despite  considerable 
research  in  this  field  surprisingly  few  investigators  have  examined  details  of 
the  in  vitro  activity  of  candidate  drugs  using  a  well-characterized  model 
system.  Wh  believe  that  accurate  determination  of  reactivation  kinetics  for 
structurally  related  compounds  is  critical  to  the  rational  development  of 
improved  therapeutics.  Of  the  many  enzyme/inhibitor  combinations  reported  in 
the  literature,  we  believe  the  ethyl  j^nitrophenyl  methylphosphonate/eel  AChE 
model  system  described  herein  to  be  the  only  combination  that  has  been  demon¬ 
strated  to  be  substantially  free  of  complicating  side  reactions  (such  as 
dealkylation,  relnhlbition,  and  spontaneous  reactivation)  that  otherwise 
interfere  with  measurement  of  reactivation  kinetics.  EPMP  is  easily  synthe¬ 
sized  and,  though  quite  toxic,  can  be  safely  and  conveniently  used  to  prepare 
inhibited  AChE  samples  for  kinetic  experiments.  We  strongly  recommend  that 
the  ethyl  methylphosphonylated  eel  AChE  be  considered  as  a  model  system  for 
characterization  of  any  experimental  AChE  reactivators. 

The  thlohydroximates  reported  herein  proved  to  be  modest  AChE  reacti¬ 
vators  compared  with  2-hydroxyimlnomethyl-l-methylpyridinlum  iodide:  the 
thlohydroximates  are  less  reactive  towards  ethyl  methylphosphonyl-ACh£  by 
factors  of  10^  to  10^.  An  examination  of  structure-activity  relationships  for 
the  nonquaternary  reactivators  suggests  that  entropic  factors  (as  opposed  to 
low  affinity  for  inhibited  AChE)  limit  the  activity  of  the  thlohydroximates. 

We  have  argued  that  the  thlohydroximates  bind  strongly  to  the  anionic  region 
of  inhibited  AchE  but  that  only  a  relatively  small  fraction  of  the  low-energy 
conformations  of  the  reactivstor/inhiblted  enzyme  complex  feature  an 
oxlmate/phosphonyl  serine  geometry  suitable  for  reactivation  of  the  enzyme. 
Thus  we  include  rigidity  with  other  important  factors  (such  as  nucleophlll- 
clty,  geometry,  and  cationic  functionality)  as  a  requirement  for  oxlmate 
activity  in  reactivating  inhibited  AChE. 
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EXPERIMENTAL  DETAILS 


18 

The  materials  and  methods  mere  generally  as  previously  described. 

In  the  following  we  provide  Information  on  new  compounds  and  procedures. 

Diethyl  methylphosphonate  (Specially  Organics,  Inc.),  j^bromobenzophenone 
(Aldrich  Chemical  Co.),  and  glyoxlme  (Aldrich)  were  used  as  supplied  by  the 
manufacturer.  Ethyl  £;-nltrophenyl  methylphosphonate  (EPMP)  was  prepared  by 
reaction  of  with  diethyl  methylphosphonate  and  purified  by 

vacuum  distillation.^^  CAUTIONl  EPMP  Is  an  extremely  toxic  anticholin¬ 
esterase  agent.  It  must  be  handled  with  gloves  and  In  a  fume  hood,  or  at  high 
dilutions  at  all  times. 

2- (Dlethylamlno)ethyl  p-bromobenzoylthlohydroxlmate  hydrochloride  (la) 
was  prepared  per  our  previously  described  method^^  by  conversion  of  ^bromo- 
acetophenone  to  a-chloro-a-hydroxyimlno-^bromoacetophenone  followed  by 
esterification  with  2-(dlethylamlno)ethanethlol  and  treatment  with  HCl. 

Held,  29Z;  m.p.  161-16S*C:  TLC,  B.  -  0.58  (CHCUiMeOH,  6:1).  MMR  (DMSO-dg), 

6  13.00  (br.  a,  IH,  -MOH),  10.64  (br,  IH,  N^),  7.80  (m,  4H,  Ar),  3.4-2. 9  (m,  8H, 
CH,),  1.18  (t,  6H,  CH3).  IR(nuJol),  v,  2640(s),  1660(s),  1600(s),  98S(S)  cm~^. 
Anal.  C,H,N,C1. 

3- (Dlmethylamlno)propyl  p-bromobenzoylthlohydroxlmate  (Id)  was  prepared 

as  described  for  ^a,  substituting  3-(dimethylamino)propanethiol  In  the 
esterification  step.  Yield,  32Z;  m.p.  104-106 *C;  TLC,  R^  ■  0.45  (CHCl3:He0H, 
6:1).  The  NMR  of  ^  In  OMSO-d^  showed  no  separate  resonances  for  hydroxyimino 
or  oxalic  acid  protons.  However  D2O  exchange  removed  three  proton  signals 
occurring  near  the  aromatic  protons  at  7.7  ppm.  To  show  the  presence  of  the 

*N0H  proton  In  Id,  the  NMR  of  the  free  base  of  1^  was  also  determined  In 

CDCI3.  MMR  data  In  both  solvents  follow.  DMSO-dc,  5  7.80  (m,  7H,  Ar,  ■NOR, 
oxalate),  2.98  (m,  4H,  2CH2),  2.65  (s,  6H,  2CH3),  1.7  to  2.0  (m,  2H,  082). 

CDCI3,  6  11.40  (s,  br,  IH,  -NOH),  7.73  (q,  4H,  Ar),  2.93  (m,  2H,  CH2),  2.52 

(m,  2H,  CH2),  2.18  (s,  6H,  CH3),  1.6  to  1.9  (m,  2H,  CH2).  Anal.  C,H,N. 

n-Propyl  p-btomobenzoylthlohydroxlmate  (2)  was  prepared  by  esterification 
of  a-chloro-a-hydroxylmlno-27bromoacetophenone  with  propanethlol  after 
purification  by  flash  and  thick  layer  chromatography  In  silica  gel  using 
CHCl3:MeOH  (20:1).  Yield  15Z;  m.p.  67-69*0;  TLC,  rI  -  0.66  (CHCl3:Me0H, 

20:1).  MMR  (DMSO-d^)  6  12.60  (s,  IH,  -NOH),  7.81  (m,  4H,  Ar),  2.83  (t,  2H, 

CH2),  1.47  (m,  2H,  CH2),  0.86  (t,  3H,  CH3);  IR  (CHCI3)  v,3400  (br,  m),  1690, 

(m),  1590,  (m),  1220,  (s),  cm~^.  Anal.  C,H,N,C1. 

2-(Dlmethylamlno)ethyl  thloglyoxlmate  hydrochloride  (3)  was  prepared  from 
monochloroglyoxlme.^^  To  a  solution  of  crude  monochloroglyoxlme  (2.5  g,  ~  2  x 
10"^  mol)  and  trlethy lamina  (4.0  g,  4.0  x  10~^  mol)  In  75  mL  of  CHGI3  was 
added  2-(dlawthylamlno)ethanechlol  hydrochloride  (2.8  g,  2.0  x  lO"^  mol).  A 
slight  exotherm  was  noted  and  the  mixture  was  stirred  2  hours  at  ambient 


tenperature.  The  reaction  mixture  was  then  concentrated  and  triturated  with 
two  50  mL  portions  of  diethyl  ether.  The  ether  triturations  were  combined, 
dried  over  anhydrous  MgSO^,  and  concentrated  to  yield  2.0  g  of  oil,  containing 
oxime  as  indicated  by  IR.  The  residue  from  the  trituration  was  dissolved  in 
water  and  extracted  repeatedly  with  CH2Cl2«  No  oxime  was  evident  (IR)  in  the 
CH2CI2  extract.  The  ether  triturations  were  column  chromatographed  (20Z 
CH^OHtSOZ  acetone),  and  oxime-containing  fractions  were  combined  and  concen¬ 
trated,  affording  an  oil  insoluble  in  CHCI2  and  acetone  but  soluble  in  CH3OH 
and  dimethyl  sulfoxide  (OMSO).  The  oil  was  dissolved  in  10  mL  OMSO,  and  lOO 
mL  CHGl^  was  added.  The  solution  was  cooled  to  -20"C  and  scratched  to  yield 
0.150  g  (lOZ)  of  a  white  crystalline  precipitate.  The  solid  material 
exhibited  a  broad  melting  point  range  (55-134*0).  This  suggests  that  the 
compound  readily  loses  water  on  heating  in  the  melting  point  apparatus. 
Consistent  with  this,  the  field  ionization  mass  spectrum  of  ^c_  shows  no 
molecular  ion,  but  a  parent  peak  at  mass  141  corresponding  to  4-(2-dlmethyl- 
amlno)ethyl-l,2,5-oxadlazole,  the  product  resulting  from  elimination  of  HCl 
and  H2O  from  Ic.  NMR  (DMSO-dg),  6  12.47  (br,  s,  IH,  -NOH);  11.84  (s,  IH, 
CHNOH)  7.80  (sT  IH,  CHNOH);  3.33  (m,  4H,  (H^)  and  2.73  ppm  (s,  6H,  CHo).  IR 
(KBr),  3300  (s),  2940  (s),  2700  (s),  1460  (s),  1390  (s)  and  955  (s)  cm"^. 
Analysis  for  CgH, 4N3O2SCI.  Calc'd:  C,  31.65;  H,  6.20;  N,  18.45;  S,  14.08; 

Cl,  15.56.  Found:  C,  31.64;  H,  6.23;  N,  18.44;  S,  14.08;  Cl,  15.56. 

Acetylcholinesterase  determinations  in  vitro.  Unless  otherwise  noted, 
all  experiments  were  conducted  at  25.0  d:  0.1''C  in  ^  7.6  0.1  M  morphollno- 
propanesulfonic  acid  (MOPS)  buffer  plus  NaMo  (0.002Z),  MgCl2  (0.01  M)  and 
bovine  serxjm  albuln  (O.lZ).  Enzyme  activities  were  assayed  by  the  Ellman 
method^^  on  a  Gilford-modified  DU  Spectrophotometer  coupled  to  a  Digital 
Electronics  Corp.  MIHG-11  laboratory  computer  for  automatic  rate  determina¬ 
tion.  All  rate  constants  were  determined  by  least-squares  linear  regression 
analysis  with  error  llodts  reported  as  standard  deviation  from  the  mean. 

In  general,  eel  AChE  (Worthington)  was  reacted  with  the  quantity  of  EPMF 
giving  approximately  90Z  inhibition  of  activity  in  20  min.  Aliquots  of 
inhibited  enzyme  were  then  withdrawn  and  diluted  in  MOPS  buffer  containing 
known  concentrations  of  reactivators.  The  inhibited  enzyme  was  incubated  with 
reactivators  for  timed  intervals  and  assayed  (in  duplicate)  for  activity. 

In  parallel  experiments,  uninhibited  AChE  and  inhibited  AChE  in  the  absence  of 
added  reactivator  were  assayed  for  activity  to  determine  respectively,  rates 
of  enzyme  denaturatlon  and  spontaneous  reactivation.  Control  experiments 
demonstrated  that  inhibition  of  AChE  by  reactivators  in  the  assay  solutions 
and  decomposition  of  reactivators  were  negligible  under  the  reaction  condi¬ 
tions.  Observed  activities  were  corrected  to  net  activities  by  subtracting 
rates  of  spontaneous  and  reactivator-induced  substrate  hydrolysis. 

Dilution  factors  and  aliquot  volumes  were  determined  experimentally  for 
the  various  transfers  involved  in  the  experiments.  An  exact  procedure  giving 
good  precision  in  replicate  assays  is  as  follows: 

Dilute  110  of  (nominally)  500  acetylcholine  units  (ACh  U)  per  uL  of 
enzyme  solution  with  110  |iL  MOPS  buffer  to  give  enzyme  "stock”  solution.  For 
determining  uninhibited  AChE  activity,  dilute  25  pL  stock  solution  to  20  mL 
HOPS  buffer  and  withdraw  50  pL  for  assay  (see  below) . 


To  inhibit  the  AChE,  dilute  140  hl>  stock  solution  In  132  (xL  MOPS  plus 
8  pL  of  EPMP  (lx  10~^  M  In  C2H^0H).  To  determine  activity  of  the  Inhibited 
AChE,  Incubate  20  min,  withdraw  10  |iL,  and  dilute  to  4.0  mL  In  MOPS  and  assay 
50  )iL. 

For  reactivation  studies,  dilute  100  pL  of  inhibited  AChE  solution  to  l.U 
ndi  with  MOPS  buffer,  remove  25  pL  (for  each  incubation),  and  dilute  to  1.0  mL 
with  MOPS  plus  reactivator  at  kno%m  (Including  zero)  concentrations.  Remove 
50  pL  for  assay. 

For  assay  of  AChE  activity,  add  50  |xL  aliquots  of  solution  to  be  assayed 
to  910  pL  pH  8.0,  0.1  M  phosphate  buffer  plus  30  pL  of  0.10  M  bls-dlthlonltro- 
benzolc  acid,  plus  10  pL  of  0.075  M  acetylthlocholine,  and  monitor  Increased 
absorbance  at  412  nm  versus  time. 
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Part  II.  Heteroaromatic  Oxines  and  Thlohydroxlnates  as 
Reactivators  of  Ethyl  Methylphosphoayl-AChE  In  Vitro 


INTRODUCTION 


Organophosphorus  compounds  are  widely  used  In  agriculture,  and  cases  of 
accidental  or  deliberate  poisoning  by  these  chemicals  are  commonplace. 


Certain  highly  toxic  organophosphorus  esters  have  also  been  developed  for  use 
In  «ar.'~^^  In  the  event  of  armed  conflict  Involving  toxic  chemicals,  mass 
casualties  among  civilians  are  almost  certain.^  Thus  development  of  effective 


therapy  for  organophosphorus  ester  Intoxication  remains  an  Important  area  for 
research. 


Typically,  toxic  organophosphorus  esters  are  Irreversible  Inhibitors  of 
acetylcholinesterase  (acetylcholine  hydrolase,  EC  3. 1.1. 7)  AChE.^^~^^  The 
Inhibition  proceeds  via  phosphylatlon^^  of  a  serine  hydroxyl  at  the  enzyme 
active  site.  Quaternary  oximes*  such  as  2-hydrexyimiaomethyl-l-methyl- 
pyrldlnlum  halide  (2PAM),  find  clinical  application  as  therapeutics  against 
organophosphorus  ester  Intoxication. The  pyrldlnlum  oximes  (or  more 
precisely,  the  conjugate  base  oxlmate  anions)  are  nucleophiles  that  attack 
phosphylated  AChE  to  liberate  active  enzyme.  Although  these  "reactivators”  of 
Inhibited  enzyme  constitute  effective  therapy,  the  pyrldlnlum  oximes  as  a 
class  suffer  from  the  disadvantage  of  limited  tissue  distribution.  As  charged 
species  the  pyrldlnlum  oximes  penetrate  poorly  Into  hydrophobic  cell 
membranes.  Penetration  of  pyrldlnlum  oximes  Into  the  central  nervous  system 
Is  particularly  poor  and  conventional  therapy  dMs  Uttle  to  counteract 
central  effects  of  organophosphorus  Inhibitor 

In  an  attempt  to  improve  upon  the  limited  activity  of  the  pyrldlnlum 
oximes  we  have  undertaken  an  Investigation  of  nonquatemary  cholinesterase 
reactivators.  Previously  22,23  ^  prepared  a  series  of  a-ketothlohydroxlmates 

(1) 


0  NOH 

I  I 

RC,  H,  C-C-S(CH-)  N(R'  ),«HC1 
o  4  4  n  4 

I 

and  evaluated  them  In  vitro  as  reactivators  of  dllsopropyl-  and  ethyl  methyl- 
phosphonyl-AChE .  Although  the  a-ketothlohydroxlmates  do  reactivate  phos- 
phylated-AChE ,  they  are  Inferior  In  this  regard  to  2PAH.  We  attributed  the 
lower  reactivity  of  type  ^  compounds,  at  least  In  part,  to  flexibility  of  the 
dlalkylamlnoalkyl  side  chain.  We  rationalized  that  the  a-ketothlohydroximates 
bind  reversibly  to  the  Inhibited  enzyme  and  that  the  reactivator/inhibited 
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enzyme  complexes  feature  many  configurations,  only  a  small  fraction  of  which 
have  the  oxime  suitably  positioned  to  react  with  phosphylated  serine  at  the 
active  site. 


In  a  continuation  of  our  study  of  nonquaternary  cholinesterase  reacti¬ 
vators,  we  have  prepared  two  new  series  of  novel  compounds.  These  are  the 
heteroaromatic  aldoxlmes,  and  the  2-(dlethylamlno)ethyl  a-heteroaromatlc 
thiohydroxlmates , 


OH 


N' 

CSCH2CH2N(C2H5)2 


3 
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where  x  >  0  (for  oxadlazoles ) ,  S  (for  thiadlazoles) ,  or  CcUcN  (for  1-phenyl 
substituted  trlazoles);  one  ring  nitrogen  Is  In  the  2-position  and  the  second 
ring  nitrogen  Is  In  the  3,  4,  or  5  position;  R  •  H,  CH^  or  In  the  3,  4  or 

S  substituent  positions;  and  the  hydroxylmlnomethyl  or  dlethylamlnoethyl  thlo- 
hydroxlmate  functionalities  are  In  the  4  or  5  positions. 

We  predicted  that  certain  heteroaromatic  systems  would  be  sufficiently 
electronegative  to  lower  the  pKa's  for  the  oxime/oxlmate  acid  base  equilibria 
to  approximately  pKa  <■  8  (the  empirically  known  optimal  value  for  AChE 
reactivators).^^  We  further  considered  that  the  heterocyclic  rings  would  be 
approximately  Isosterlc  with  the  N-methyl  pyrldlnlum  ring  of  2PAM  and  that  the 
compounds  conforming  to  the  general  structure  ^  would  be  appropriate  nonqua¬ 
ternary  analogs  of  the  pyrldlnlum  aldoxlmes.  However,  we  also  anticipated 
that  many  examples  of  ^  would  exhibit  oxime  acidities  In  the  range  pKa  >  ^  to 
10  and  that  none  of  the  heteroaromatic  aldoxlmes  would  feature  a  cationic 
moiety  (such  as  a  quaternary  pyrldlnlum  or  protonated  trlalkyl  amine 
functionality)  to  provide  coulomblc  interaction  with  the  aspartic  acid 
carboxylate  at  the  anionic  region  of  the  AChE  active  site. 

Our  previous  work  demonstrated  that  the  protonated  (C2H3)2NCH2CH2S- 
functlonallty  contributes  to  reversible  binding  of  nonquaternary  reactivators 
to  the  AChE  anionic  region.  Furthermore,  for  glyoxlme,  HC( :N0H)C( :N0H)H,  and 
Its  analogous  thloglyoxlmate,  UC( :N0H)C( :N0H)SCH2CH2N(CU3)2»  conversion  of  the 
aldoxlme  to  the  thlohydroxlmate  ester  lowers  the  oxime  pM  by  nearly  two 
units .  Thus  we  wished  to  compare  analogous  type  ^  and  type  ^  compounds  with 
respect  to  oxime  acidity,  and  reactivity  toward  Inhibited  AChE.  We  also  hoped 
to  further  clarify  the  degree  to  which  the  flexible  (C2U5)2NCU2CH2S- 
functlonallty  Influences  the  activity  of  nonquaternary  oximes  as  reactivators 
of  phosphylated  AChE. 


In  chls  report  we  describe  the  synthesis  of  seven  examples  of  type 
2^  and  type  3.  compounds  and  their  characterization  with  respect  to  structure 
and  oxime  acidity.  We  also  detail  preliminary  findings  on  the  activity  of  the 
compounds  as  reactivators  of  eel  AChE  inhibited  by  ethyl  p-nltrophenyl  methyl- 
phosphonate,  EPMP. 
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RESULTS  AMD  DISCUSSION 


Synthesla  and  Structure 

Table  1  gives  structures  and  pertinent  data  for  the  series  of  hetero¬ 
aromatic  aldoximes  2a-2g.  We  synthesized  the  oxadiazole  2^  the  triazole  2e. 
and  the  thiadiazoles  ^  and  1^  from  the  corresponding  methyl  derivatives  using 
N-bromosucclnlmlde  (MBS)  as  shown  in  reactions  (l)-(4): 


For  the  oxadiazole,  2a,  we  converted  the  methyl  derivative  directly  to 
the  oxime  via  nltrosatlon  with  alkyl  nitrite  in  base,  reaction  (5) 


1)  t-Bull 

2)  i-CsHrONO 

3) 


(5) 
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Kaactloa  (5)  «pp«are<l  co  be  less  geaerally  useful  then  the  synthesis  route 
described  above*  Reaction  (5)  gave  the  desired  product  2^  In  poor  (30Z) 
yield.  Purtheraore,  substitution  of  a  less  hindered  base  (n-butyl  lithium) 
for  t-BuLi  yielded  the  lalne  below  as  the  only  Isolable  product. 


The  major  limitations  to  the  sequence  of  reactions  (1)  through  (4)  are  reluc¬ 
tance  of  some  methyl-substituted  heteroaronatlcs  to  undergo  free-radical 
bromlnatlon  and  poor  or  Incomplete  oxidation  of  the  alcohols  to  the  aldehydes. 
Barring  these  limitations,  the  method  does  permit  the  rapid  and  versatile 
production  of  new  oximes  not  readily  accessible  through  alternative  synthesis 
procedures.  We  found  that  3-methyl-S-phenyl-l,2,4-oxadlaaole  was  Inert  to 
bromlnatlon  using  NBS  plus  benzoyl  peroxide  In  refluxing  CCIa.  After  24  h, 
this  reaction  yielded  only  starting  material.  He  succeeded  In  obtaining  an 
approximate  lOZ  yield  of  3-bronoaethyl-S-phenyl-l,2,4-osadlasole  only  after 
reaction  of  the  methyl  compound  with  NBS,  benzoyl  peroxide,  and  Br2  using  heat 
and  light  to  Initiate  the  reaction.  Work  is  continuing  on  the  preparation  of 
this  oxime. 

Although  we  Investigated  numerous  methods  for  oxidizing  the  hydroxy- 
methyl-substituted  heteroaromatics  to  the  corresponding  aldehydes,  only 
reaction  (3) ,  oxidation  with  ceric  ammonium  nitrate  In  water  or  3  to  5  N  HNO^ 
generally  provided  the  aldehydes  cleanly  and  rapidly. 

We  prepared  trlazole  aldoxlmes  2c  aiul  2d  via  reactions  (6)  and  (4): 


2c  or  2d 


(4) 


C«H9  CBO 


Table  2  gives  structures  and  pertinent  data  for  a-heteroaromatlc  thlo- 
hydroxlmates  ^  through  3g.  We  prepared  the  thiohydroxlmates  treating  the 
corresponding  oximes  with  N-chlorosucclnlmlde  (MCS)  reaction  (7),  followed  by 
esterlfylng  the  resulting  hydroxlmoyl  chlorides  (^)  with  2-(dlethyl- 
amlno)ethane  thiol,  reaction  (8): 


4  +  HSCH2Ca2»(C2H5)2  3 


(8) 


We  determined  pKa  values  for  all  |7pn  ^  compounds  listed  In  Table  1, 
using  a  spectrophotometrlc  technique.^*  We  obtained  pKa  values  for  four  of 
the  a-heteroaromatlc  thloglyoximates  listed  In  Table  2,  but  were  unable  to 
determine  accurate  pKa's  for  the  trlazoles  3c-3e  owing  to  poor  aqueous 
solubility  and  small  spectral  changes  as  a  function  of  pH  for  these  three 
compounds . 


We  also  recorded  the  hydroxylmlno  proton  chemical  shift  for  all  examples 
of  type  2^  and  for  most  examples  of  type  3_  compounds.  Thiohydroxlmates  ^  and 
3f  (which  were  Isolated  as  the  amine  free  bases)  did  not  show  hydroxylialno 
proton  signals.  Similarly,  the  free  base  ^  exhibited  a  very  broad  signal  for 
the  hydroxylmlno  proton.  For  3a,  3b  and  (which  we  Isolated  as  the  amine 
hydrochloride  salts)  the  hydroxylmlno  protons  appeared  as  sharp  singlets. 

This  dependence  of  NMR  chemical  shift  on  the  degree  of  protonation  of  the 
amine  functionality  suggests  zwltterion  formation  In  OMSO  solution  for  thio¬ 
hydroxlmates  added  In  the  free  base  form,  l.e.,  reaction  (9) 


and  ring  protons.  The  anomalous  chemical  shift  observed  for  the  hydroxylmlno 
proton  In  Z-2f  could  be  a  result  of  Intramolecular  hydrogen  bonding  to  the 
ring  nitrogen. 


We  hoped  to  establish  configurations  for  the  other  examples  of  type  ^ 
compounds  In  Table  1,  but  such  assignments  are  treacherous  In  the  absence  of 
pairs  of  E-  and  Z-lsomers  or  crystallographic  data.^^~^^  Therefore,  at 
present  me  do  not  assign  Isomeric  configurations  for  heteroaromatic  aldoxlmes 
other  than  2f . 

We  also  wished  to  determine  configurations  for  the  a-heteroaromatlc  thlo- 
hydroxlmates  In  Table  2.  For  the  related  a-ketothlohydroxlmates,  type 
compounds  we  prevlously^^  suggested  an  E-conf Iguratlon  favored  by  Intra¬ 
molecular  hydrogen  bonding  although  IR  spectral  data  supported  a  Z-conflgura- 
tlon  for  2-(dlethylamlno)ethyl  p-bromophenylthlohydroxlmate, 


E-Aryl thlohydroxlmate 


H 


5 

Z-Arylthiohydroximate 
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We  also  previously  found  a  linear  correlation  between  hydroxylmlno  proton 
chemical  shift  and  acidity  for  type  compounds.  To  compare  the  a-hetero- 
aromatlc-aldoxlmss  and  -thlohydroxlmates  with  related  compounds,  we  plotted 
•NO-H  proton  chemical  shift  versus  oxime  pKa  for  ^  ^  1.  2PAH.  In  this 

plot  we  also  Included  literature  data^^  for  thladlazolyl  aldoxlmes  6a-6c 


C(:NOH)H 


:  NOH )  H 

N - N 


C(:NOH)H 


Figure  1  shows  two  general  linear  correlaclons:  one  for  a-keto  and  a-hetero- 
aromatlc  thiohydroxlmates  (the  dashed  line);  and  a  second  correlation  (solid 
line)  for  2PAM,  ^  and  most  type  ^  compounds.  Least-squares  linear  regres¬ 
sion  of  the  data  for  type  and  type  ^compounds  gave  equation  (10): 


pKa  -  (26.2  ±  1.3)  -  (1.43  ±  0.12)6  (10) 


and  similar  treatment  of  the  data  for  2PAM,  and  type  ^  compounds 

(excluding  2a  and  2c)  gave  equation  (11): 


pKa  -  (25.2  ±  1.1)  -  (1.30  ±  0.091)6  (11) 


The  above  correlations  were  rather  Imprecise,  and  the  differences  between 
the  two  general  classes  of  compounds  were  small  but  apparently  real.  We 
tentatively  conclude  that  the  differences  relate  to  the  availability  (or  lack 
thereof)  of  Intramolecular  hydrogen  bonding  for  hydroxylmlno  protons.  Thus 
data  for  3at  3b  and  32_  best  fit  the  correlation  for  type  compounds.  Because 
^  exhibit  Intramolecular  hydrogen  bonding,  we  suggest  an  E-conflguratlon  for 
the  a-heteroaromatlc  thiohydroxlmates. 


S 

CH2CH2N(C2H5)2 

E-3 
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Interestingly,  the  pKa  and  NMR  data  for  ^  (the  parent  compound  of  3a) 
correlated  better  with  equation  (10)  (the  dashed  line  In  Figure  1)  than  with 
equation  (11).  One  possible  explanation  Is  a  2-conflguratlon  for  2a  with 
hydrogen-bonding  to  the  ring  nitrogen. 

CgHs 


I 

H 

Z-2a 

53 


FIGURE  1  Oxime  proton  NMR  chemical  shift  versus  pK,  for: 

a-ketothiohydroximates.  1,  (data  of  rafarancas  22,  23); 

a-heteroaromatic  thiohydroximates,  3,  (d*ta  of  Table  2); 

a-hateroaromatic  aldoximes,  2,  A — A  (data  of  Table  1); 
a-thiadiazolyt  aldoximes,  6,  (data  of  reference  25); 

2-hydroxyiminomethyl-t-mathylpyridinium  iodide,  2PAM,  0;  and 
4-BrCeH4C(;NOH)SCH2CH3N(C2H5)2,  5.  ®  (Data  of  reference  22). 


We  emphasize  that  la  the  absence  of  further  data  our  assignments  for 
configurations  of  ^  and  3a,  3b  and  ^e_  are  tentative.  Nevertheless,  the 
proposed  structural  relationships  are  plausible,  consistent  with  the  observed 
data,  and  Illustrative  of  the  types  of  bonding  Interactions  that  can  be 
generally  Important  for  hydroxylmlno  compounds. 

To  summarize,  we  find  the  trlazolyl  aldoxlmes,  as  a  class,  to  be  poorly 
soluble  In  water  and  very  weak  acids.  The  related  trlazolyl  thlohydroxlmates 
were  also  poorly  soluble  and  this  appears  to  be  a  major  limitation  of  the 
trlazolyl  compounds.  Of  all  the  compounds  In  Table  1  only  exhibited  an 
acidity  (pKa  •  7.88)  near  the  optimal  value  for  reactivators.  Interestingly, 
of  the  three  thladlazolyl  aldoxlmes  reported  by  Benschop  et  al.,^^  6c  was  the 
most  acidic  (pKa  »  6.97).  This  suggests  that  the  general  heteroaromatic 
structure 


with  a  1,2,4-rlng  substitution  pattern  Is  particularly  electron-withdrawing. 
We  are  currently  uncertain  whether  Inductive  and/or  resonance  effects 
primarily  contribute  to  the  electron-withdrawing  properties  of  these 
compounds.  In  either  case,  It  appears  that  as  a  class  S-hydroxylmlnomethyl 
1 ,2,4-trlsub8tltuted  heteroaromatics  would  feature  oxime  i^'s  In  a  useful 
range. 

Converting  various  type  ^  compounds  to  type  3_  compounds  did  lower  hydro¬ 
xylmlno  proton  pKa's  by  l.S  to  2  units.  This  compares  favorably  with  the 
difference  In  pKa  values  (9.9  versus  8.4,  respectively)  prevlously^^  observed 
for  glyoxlme  and  2-(dlethylamlao)ethyl  thloglyoximate.  The  effect  on  pKa  of 
substituting  an  amlnoalkyl  thloester  for  an  aldehydlc  hydrogen  has  practical 
significance  because  the  substitution  in  some  cases  converts  hydroxylmlno 
compounds  (e.g.,  aldoxlmes)  with  otherwise  low  acidity  to  analogs  (thlohydro¬ 
xlmates)  that  dissociate  appreciably  to  the  reactive  oxlmate  anion  at  physio¬ 
logical  pH.  The  degree  to  which  such  substitution  actually  Influences  the 
activity  of  a-heteroaromatlc  hydroxylmlno  compounds  as  reactivators  of  phos- 
phylated  AChE  Is  discussed  In  the  following  section. 


Acetylcholinesterase  Reactivation 
Screening  for  Activity 


We  screened  type  ^  and  type  ^  compounds  for  In  vitro  activity  as  react 1 
vators  of  ethyl  methylphosphonyl-AChE.  The  method  involved  Incubating  ethyl 
p-nltrophenyl  methylphosphonate  with  a  slight  excess  of  eel  AChE  followed  by 


incubating  of  Che  inhibited  enzyme  at  pH  7.6  and  2S°C  with  various  concentra¬ 
tions  of  test  compounds  and  assaying  for  restored  enzymatic  activity. 

The  general  method  has  been  described  in  detail. 

For  the  determining  of  reactivation  data  we  defined  the  percentage 
reactivation  after  t  min  incubation  according  to  equation  (12) 


ZR^  -  100  (A^-AI^)/(Aj.-AIt)  (12) 

where  Aj.  is  activity  of  reactivated  ACh£  at  time  c,  AI^  is  activity  (at  time 
t)  of  AChE  inhibited  with  EPMP,  and  A^.  is  control  AChE  activity  (■  activity  of 
uninhibited  enzyme  or  >  mean  value  of  uninhibited  enzyme  activity  and  enzyme 
activity  after  complete  reactivation  with  2PAM).  All  activities  reported 
herein  are  net  activities  corrected  for  spontaneous  and  reactivator-induced 
hydrolysis  of  substrate  in  assay  solutions.  The  data  that  follow  are  not 
corrected  for  inhibition  of  AChE  by  test  compounds. 

In  comparing  various  reactivators  we  have  calculated  reactivator  concen¬ 
trations  on  the  dual  basis  of  the  concentration  of  the  protonated  hydroxylmlno 
form  (HOX)  of  added  test  compound  and  on  the  concentration  of  the  anionic 
oxlmate  form  (OX),  where 

[OX]  -  [H0X]{l  +  antilogtpKa-7.6]}“^  (13) 

Table  3  shows  the  percent  restoration  of  AChE  activity  after  incubating 
the  Inhibited  enzyme  with  reactivators  for  120  and  240  min. 

The  table  shows  pronounced  differences  in  activity  for  various  examples 
of  2^  and  Compounds  2c_  and  ^e_  were  insoluble  in  water  or  in  lOZ  EtOH,  even 
at  low  concentrations,  and  we  were  unable  to  obtain  reactivation  data  for 
these  materials.  Compounds  2d,  2e,  3c  and  3^  were  sparingly  soluble  in  water 
but  dissolved  in  lOZ  EtOH  at  the  indicated  concentrations.  Reactivation  data 
for  2d,  2e,  3c  and  were  obtained  in  aqueous  ethanol  using  appropriate 
control  solutions.  All  other  data  were  obtained  in  water. 

The  a-heteroaromatlc  aldoxlmes  2d,  2e,  2f ,  and  2g_  showed  no  significant 
activity  as  reactivators  at  the  concentrations  tested.  We  attribute  this  lack 
of  activity  to  the  low  acidities  of  the  aldoxlmes  and  the  correspondingly  low 
concentrations  of  the  nucleophilic  oxlmate  species  at  pH  7.6. 

Two  of  the  aldoxlmes,  2a_  and  2b,  did  reactivate  ethyl  methylphosphonyl- 
AChE:  indeed  2a^ was  the  most  active  of  any  of  the  compounds  investigated  to 
date. 

All  of  the  a-heteroaromatlc  thlohydroxlmates  (except  3c)  reactivated 
phosphylated-AChE  significantly.  As  a  class,  the  a-triazolyl  thlohydroxlmates 
(3c,  3d,  and  3e)  reactivated  poorly.  In  general,  the  aldoxime  and 


Table  3 


PERCENT  REACTIVATION  (ZR.)  OF  ETUTL  HETHYLPHOSPHONYL-AChE 
AFTER  INCUBATION  WITH  REACTIVATORS  AT  VARIOUS 


Compound^ 

No. 

[HOX]'’ 

mM 

CONCENTRATIONS  AT 

[OXl^^ 

gdi 

2S*C, 

ZRf** 

7.6 

AfCer  Incubaclon 

for  c,  min 

c-120  c 

-240 

2a 

O.SOO 

0.172 

100 

98 

0.200 

0.0688 

78 

90 

2b 

1. 00 

0.0274 

7.0 

12 

0.100 

0.00274 

1.0 

3.0 

2c 

0.100 

0.00219 

e 

e 

2d 

O.OSOO 

0.00013 

f 

f 

0.02S0 

0.00007 

f 

f 

2e 

1.00 

0.00126 

3.3 

f 

0.100 

0.00013 

f 

f 

2f 

1.00 

0.0139 

f 

f 

2g 

1.00 

0.00968 

f 

f 

3a 

1.00 

0.930 

6.0 

d.9 

O.lOO 

0.0930 

11 

21 

3b 

O.SOO 

O.SOO 

19 

34 

0.100 

O.OSOO 

11 

IS 

3c 

0.100 

g 

f 

1.’ 

3d 

0.100 

8 

2.8 

3.7 

3e 

0.100 

g 

e 

e 

3f 

1.00 

0.448 

47 

39 

0.300 

0.224 

29 

37 

3g 

1.00 

g 

28 

42 

0.300 

g 

7.7 

17 

2PAM 

0.0100 

0.00289 

93 

97 

||See  Tablet  1  and  2  for  scructurea* 

"[BOX]  is  Che  concencraclon  of  added  cesc  compound. 

^[OX]  la  Che  concencraclon  of  anionic  fora  of  added  Cesc  compounds, 
ealculaced  according  co  equaclon  (13). 

^ZR.^  ealculaced  according  co  equaclon  (12). 

*Coapound  urns  Insoluble  ac  Indlcaced  concencraclon.  Reacclvaclon  daca 
noC  obcained. 

^Reacclvaclon  noc  dececcable,  <  IZ* 

^NO  pKa  available  for  compound  [OX]  noc  ealculaced. 


thlohydroxlmate  derivatives  of  trlazoles  appear  to  be  poor  candidates  for 
nonquaternary  reactivators. 

The  oe-oxadlazolyl  thlohydroxlmates  3a^  and  3^  were  modest  reactivators  of 
ethyl  methyl  phosphonyl-AChE.  Thlohydroxlmate  3a  was  substantially  less 
reactive  toward  phosphonylated  AChE  than  the  corresponding  aldoxlme  2a,  which 
we  attribute  at  least  in  part  to  high  acidity  (pKa  ■  6.32)  of  the  thlohydro¬ 
xlmate  and  low  nucleophlliclty  of  the  conjugate  base  oxlmate  form  of  3a. 
Compound  3^  was  not  well-behaved  In  our  In  vitro  assay;  higher  concentrations 
of  ^  actually  reactivated  inhibited  enzyme  more  slowly  and  less  completely 
than  low  concentrations.  This  suggests  inhibition  of  AChE  by  ^  itself  at 
high  concentration. 

The  thlohydroxlmates  3b,  3f  and  2^.  more  reactive  towards  phosphonyl 
AChE  than  the  corresponding  alHoxlmes  2b,  2f  and  2g,  presumably  a  result  of 
pKa  differences. 

None  of  the  type  ^  compounds  tested  surpassed  as  a  reactivator  of 
ethyl  methylphosphonyl-AChE  and  2a_  was  significantly  less  reactive  than  2PAH 
toward  the  inhibited  enzyme. 

Reactivation  Kinetics 


To  more  accurately  assess  structure-activity  relationships  among  the 
nonquaternary  AChE  reactivators.  It  Is  necessary  to  examine  reactivation 
kinetics.  The  reactivation  of  ethyl  methylphosphonyl-AChE  proceeds  via  the 
mechanism  shown  In  equation  (14): 

K  k 

OX  +  EOF  T'  ^  *  (OX'EOP]  - £— ►  EOP  +  products  (14) 


where  OX  Is  the  oxlmate  form  of  the  reactivator,  EOP  Is  phosphonylated 
enzyme,  [OX*EOP]  Is  a  reversibly  formed  reactlvator/lnhlblted  enzyme  complex, 
and  EOH  Is  active  enzyme. 

Under  conditions  where  reactivator  Is  present  In  large  excess  over 
inhibited  enzyme,  we  have  shown^^*^^  that  the  following  equations  can  be 
obtained: 


IndOO  -  ZR^)  -  k^j^^.t 

(15) 

-1  *^r  -1  1 

<'‘obs>  -  h 

(16) 

r  r 

(17) 

keff  ■  k^Il  +  antilog  (pKa-7.6)J  ^ 

(18) 

where  Is  a  pseudo-first-order  observed  rate  constant  for  reactivation, 

Is  the  equilibrium  constant  for  dissociation  of  the  reactlvator/lnhlblted 
enzyme  complex,  k  is  the  rate  constant  for  displacement  of  inhibitor  from  the 
reactlvator/lnhlblted  enzyme  complex,  kj^  Is  equivalent  to  a  blmolecuular  rate 
constant  for  reactivation  In  the  limit  of  low  reactivator  concentration,  and 
kg££  Is  an  effective  rate  constant  for  reactivation  that  accounts  for  the 
fraction  of  added  test  compound  present  as  the  oxlmate  form  at  pH  *  7.6. 


To  date  we  have  determined  reactivation  kinetics  at  four  different 
oxlmate  concentrations  only  for  2a.  Ue  have  determined  reactivation  kinetics 
at  one  or  two  oxlmate  concentrations  for  2b,  3a,  3b,  3f  and  3g.  Because 
equation  (16)  requires  a  minimum  of  three  different  points  for  valid  calcula¬ 
tion  of  and  k^  values,  and  because  we  wished  to  make  at  least  preliminary 
comparisons  of  reactivator  activity,  we  calculated  apparent  blmolecular  rate 
constants  reactivation  of  phosphonylated  AChE  by  oxlmate  anion 

according  to  l^uaclon  (19): 


k 


app 


(19) 


Because  equation  (19)  Is  only  an  approximation,  k  values  determined  at  high 
reactivator  concentration  underpredict  Inherent  oxlmate  reactivity.  Further¬ 
more,  In  our  calculations  we  have  not  corrected  for  AChE  Inhibition  by  reacti¬ 
vators  themselves,  and  at  least  for  3a,  Inhibition  was  apparently  significant. 
With  these  caveats  In  mind,  we  can  examine  the  calculated  k^  values  and  use 
them  as  a  first  approximation  to  rate  relative  activities  for^the  various 
reactivators.  Table  4  gives  k  values  calculated  as  above  for  six  different 
reactivators. 


The  table  demonstrates  the  remarkable  differences  in  activity  for  the 
reactivators.  Both  oxadiazolyl  aldoxlmes  2^  and  ^  exhibited  k  values 
higher  than  any  of  the  related  thlohydroxlmates .  It  Is  especially  Interesting 
that,  ^  was  more  reactive  than  the  analogous  3a^  by  approximately  two  orders 
of  magnitude.  We  had  anticipated  that  converting  the  aldoxlme  to  the  thio- 
hydroxlmate  form  would  enhance  affinity  of  reactivator  for  the  anionic  region 
of  the  enzyme  active  center  and  therefore  enhance  reactivity  towards  ethyl 
methylphosphonyl-AChE.  Such  Is  not  the  case,  however.  We  attribute  the 
relatively  low  activity  of  3a,  In  part,  to  high  oxime  acidity  (low  oxlmate 
nucleophlllclty)  and  perhaps  also  to  Inhibition  of  AChE  by  reactivator. 

The  relatively  low  activity  of  the  a-heteroaromatlc  thlohydroxlmates  as  a 
class  seems  significant.  Poor  oxlmate  nucleophollcity  seems  an  unlikely 
explanation  for  low  activity  of  3b,  3f  and  ^  Insofar  as  all  three  compounds 
exhibited  pKa  values  near  pKa  ■  8.  We  previously  demonstrated^^ that  the 
2-(dlethylamlno)ethyl  functionality  In  ^  significantly  contributes  toward 
reversible  binding  of  the  reactivator  to  Inhlblted-AChE;  thus  low  affinity  of 
oxlmate  for  the  anionic  region  of  AChE  cannot  readily  explain  the  observed 
lower  activities. 


Table  4 


.5!l 


APPARENT  BIMOLECULAR  RATE  CONSTANTS  (k-uQ^)  FOR  REACTIVATION 
OF  ETHYL  METHYLPHOSPHONYL-AChE  Ar*25"C,  pH  7.6 


Compounds^ 

No. 

[HOX]^ 

mM 

[OXJ^^ 

dH 

*obs 

mln”^  X  10^ 

k  ® 
app 

M-mln-1 

2& 

0.200 

0.0688 

36.3  ±  0.17 

528 

0.0300 

0.0103 

5.58  ±  0.29 

542 

1.00 

0.0274 

0.375  ±  0.026 

13.7 

# 

0.100 

0.00274 

0.054  ±  0.026 

19.7 

1.00 

0.950 

0.834  ±  0.059 

0.878 

0.100 

0.0950 

0.393  ±  0.021 

4.14 

il 

1.00 

0.448 

2.44  ±  0.28 

2.60 

O.SOO 

0.224 

1.67  ±  0.12 

7.46 

it 

1.00 

0.334 

2.34  ±  0.12 

7.01 

0.100 

0.0334 

0.758  ±  0.033 

22.7 

*See  Tables  1 

and  2  for 

structures. 

"[HOX]  Is  concentration 

of  added  test 

compound . 

[OX]  la  coacentratlon  of  oxloate  form  of  reactivator,  calculated 
according  to  equation  (13). 

^Calculated  according  to  equation  (15),  error  limits  are  linear-least 
squares  standard  deviations. 

^Calculated  according  to  equation  (19). 


To  better  understaad  the  factors  that  control  activity  of  the 
reactivators  It  Is  helpful  to  examine  reactivation  rate  constants  determined 
as  In  equations  (15)  through  (18).  Table  5  summarizes  these  data  for  2a,  and 
for  comparison  gives  earlier  data^^  for  2PAH,  and  BrCgH^C(0)C(N0il)- 

(code  SR  3018).  The  table  shows  that,  In  terms  of 
values,  2a  was  more  reactive  than  la  toward  ethyl  methylphosphonyl-AChE  by  a 
factor  of  approximately  six  and  less  reactive  than  2PAM  by  a  factor  of  appro¬ 
ximately  20.  Surprisingly,  ^  and  exhibited  nearly  equivalent  values  for 
K^,  despite  the  fact  that  ^a^  bears  a  cationic  moiety  (protonated  diethyl- 
amlnoethyl  group)  whereas  2^  does  not  (the  ring  nitrogens  of  heteroaromatics 
such  as  pyridine  are  poorly  protonated  at  pH  7.6  and  the  same  should  be  true 
for  the  oxadlazole  2a). 

23 

We  previously  suggested  that  and  values  cannot  be  Independently 
Interpreted  and  that  does  not  necessarily  reflect  the  fraction  of  reacti¬ 
vator  bound  to  Inhibited  AChE.  Rather  relates  to  the  fraction  of  bound 
oxlmate  that  actually  displaces  Inhibitor  from  the  reactlvator/lnhlblted 
enzyme  complex.  We  postulated  that  the  dialkylamlnoalkyl  thlohydroximlc  acid 
S-esters,  which  exhibit  many  rotational  degrees  of  freedom,  bind  to  Inhibited 
AChE  with  multiple  low-energy  conformations  and  that  only  a  relatively  small 
fraction  of  the  conformations  of  the  oxlmate/lnhiblted  enzyme  complex  have  a 
geometry  that  favors  attack  by  oxlmate  oxygen  on  phosphorus.  We  rationalized 
the  powerful  reactivity  of  2PAM  on  the  basis  of  strong  affinity  for  inhibited 
AChE  plus  a  relatively  small  number  of  total  low  energy  conformations  and  a 
high  proportion  of  available  conformations  with  geometry  suitable  for 
reactivation. 

In  this  context  ^  seems  to  afford  relatively  high  activity  toward  ethyl 
methylphosphonyl-AChE,  at  least  In  part  because  the  molecule  Is  relatively 
rigid  and  resembles  2PAM  in  the  number  of  low  energy  conformations.  The 
available  data  do  not  directly  address  the  relative  binding  affinities  of  2^ 
and  2PAM  for  Inhibited  AChE.  Because  ^  has  no  cationic  functionality  to 
provide  electrostatic  attraction  for  the  AChE  anionic  region,  hydrophobic 
forces  presumably  govern  the  reversible  binding  of  the  reactivator  to  the 
Inhibited  enzyme. 

The  data  of  Table  4  show  that  the  aldoximes  ^  and  ^  were  more  reactive 
than  the  corresponding  a-heterocycllc  thlohydroximlc  acid  esters.  Even  for 
compounds  that  exhibited  similar  pKa  values  and  reasonably  Isosterlc  hetero¬ 
cycles,  Incorporation  of  the  2-(diethylamino  ethyl)  moiety  Into  the  general 
molecular  framework  lowered  activity  towards  Inhibited  enzyme.  Because 
obvious  chemical  differences  In  nucleophiliclty  or  sterlc  bulk  are  not 
apparent,  we  consider  that  the  difference  In  reactivity  between  a-hetero- 
aromatlc  aldoximes  and  thlohydroxlmates  relate  to  entroplc  factors  and 
differences  In  rigidity  for  the  two  types  of  compounds. 


Conclusions  and  Future  Work 

Nonquaternary  reactivators  based  on  heteroaromatic  aldoximes  seem  likely 
candidates  for  treatment  of  central  nervous  system  effects  of  organophosphorus 


ester  polsoalag.  Benschop  et  al  fouod  thladlazole  to  be  less  reactive 
than  2PAN  to%»rd  phosphylated-AChE  but  nevertheless  observed  useful  thera¬ 
peutic  activity  for  the  oonquaternary  aldoxlme.  We  showed  that  the  a-keto- 
thlohydrozlmate  was  one-f If tleth  as  potent  as  2FAM  In  vitro  as  a 
reactivator  of  ethyl  methylphosphonyl-AChE,  but  equivalent  to  2PAM  as  a 
reactivator  of  mouse  diaphragm  AChE,  and  superior  to  2PAM  as  reactivator  of 
brain  AChE  In  vlvo»  Oxadlazole  2^  Is  more  reactive  toward  phosphylated-AChE 
than  by  a  factor  of  approximately  three*  This  raises  the  possibility  that 
2a  may  also  be  more  effective  than  at  reversing  the  toxic  effects  of 
organophosphoms  Inhibitors  In  vivo*  This  possibility  should  be  evaluated  In 
future  work. 

As  a  class,  a-heteroaromatlc  aldoxlmes  appear  to  be  more  reactive  In 
vitro  than  analogous  a-heteroaromatlc  thlohydroxlmates  toward  ethyl  methyl- 
phosphonyl-AChE *  We  Interpret  this  behavior  In  terms  of  the  structural 
Hexlblllty  that  Is  available  to  dlalkylamlnoalkyl  thlohydroxlmlc  acid  esters 
that  contributes  to  a  reduction  In  the  entropy  of  activation  for  the  reacti¬ 
vation  of  inhibited  AChE*  This  hypothesis  must  be  fully  evaluated  and  we  plan 
to  determine  reactivation  kinetics  for  compounds  such  as  3a^  and  to  more 
clearly  elucidate  the  controlling  factors* 

The  S-hydroxylmlnomethyl-l,2,4-oxadlazole  or  -1,2,4-thladlazole  structure 
appears  to  be  a  useful  framework  for  developing  Improved  reactivators*  Com¬ 
pound  2^  Is  the  most  powerful  nonquaternary  reactivator  that  %ie  have  examined 
so  far.  ^  Is  approximately  one-fifteenth  as  reactive  toward  phosphonylated- 
AChE  as  2PAH*  In  general,  the  nonquaternary  reactivators  exhibit  strong 
dependence  of  activity  on  structure*  We  will  prepare  substituted  analogs  of 
2a  in  an  effort  to  obtain  oe- heterocyclic  aldoxlmes  with  Inherent  activity 
comparable  with  that  of  2PAM. 


EXPERIMENTAL  DETAILS 


Materials 


Melting  points  were  obtained  In  glass  capillaries  with  a  Laboratory 
Devices  Mel-Teiq)  apparatus  and  are  presented  uncorrected.  Infrared  spectra 
were  determined  with  Perlcln-Elmer  Models  281  and  73SB  spectrophotometers. 

Nuclear  magnetic  resonance  spectra  were  obtained  with  a  Varlan  Associates  EM- 
360  spectrometer,  and  chemical  shifts  are  reported  In  parts  per  million  (5) 
relative  to  an  Internal  tetramethylsllane  reference.  C,H,N,  mlcroanalysls  was 
performed  with  a  Perkln-Blmer  240  elemental  analyser.  Other  elements  were 
analyzed  at  Stanford  University  analytical  laboratory.  Elemental  analytical 
results  are  reported  below  only  for  compounds  whose  observed  values  were  not 
fd-thln  ±  0.4Z  of  theoretical. 

The  following  heterocyclles  were  prepared  according  to  literature 
methods:  3-phenyl-5-methyl-l,2,4-oxadlazole  (7a);^^  3,4-dlmethyl-l,2,5-oxa- 
dlazole  (7b);^^  3-methyl-S-phenyl-l,2,4-ozadlazole  QcJ*  l*4-dlphenyl- 
S-formyl-l,2,3-trlazole  (7d);^^  l,5-diphenyl-4-formyl-l,2,3“trlazole  (7e) 
l-pheny-4-formyl-l,2,3-trlazole  (7f);^°  3-methyl-l,2,5-thladlazole  (7gTP'  and 
3,4-dlmethyl-l,2,S-thladlazQle  (7h).^^  Other  materials  were  prepared  or  obtained 
as  previously  described. 

3-Phenyl-5-hydroxylmlnomethyl-1.2»4-oxadlazole  (2a) 

Oxadlazole  7^  (1.6  g,  0.01  mol)  was  dissolved  In  40  mL  of  freshly 
distilled  tetrahydrofuran  and  cooled  to  -78*C.  To  this  solution,  t-butyl- 
llthlum  (2.0  M,  In  6  mL  pentane,  0.012  mol)  was  added  slowly.  Subsequently 
addition  of  l-C^HyONO  (1.1  g,  0.012  mol)  followed  y/f  acidification  of  the 
solution  with  30  mL  of  4N  HCl,  extraction  with  three  20-nL  portions  of  ether, 
drying  the  combined  ether  extracts  over  MgSO^,  and  removal  of  solvent,  yielded 
1.2  g  of  2a  contaminated  with  starting  material  7a.  Sublimation  of  the  crude 
product  gave  0.150  g  (S.OZ)  of  2a,  m.p.  161-163*0.  tOOl  (DMSO-d^),  6  12.87 
(br,  s,  IH,  N-OH);  8.37  (s,  IH,  CHNOH);  8.00  (m,  2H,  phenylaromatlc)  and  7.56 
ppm  (m,  3H,  phenylaromatlc).  IR  (KBr)  3225  (s),  2960  (m),  1540  (m),  1430  (s), 
1345  (s),  1035  (s)  and  990  (s)  cm~^.  Analysis:  C,H,N. 

3-Phenyl-1.2.4-oxadlazol-5-yl  hydroxlmoyl  chloride  (4a) 

Compound  2a  (0.94  g,  5.0  mmol)  dissolved  In  30  mL  dlmethylformamlde  was 
treated  with  oTS*7  g  (5.0  mmol)  of  N-chlorosucclnlmlde.  The  resulting  mixture 
was  stirred  15  min  followed  by  bubbling  approximately  15  mL  of  UCl  (g)  through 
the  solution.  The  solution  was  stirred  an  additional  15  min,  and  then  was 
heated  to  55*0  and  allowed  to  cool  slowly  (approximately  1  h).  The  resulting 
mixture  was  poured  Into  200  mL  water  and  extracted  with  two  100-mL  portions  of 
ether.  The  ether  extracts  ware  combined,  washed  with  three  100-mL  portions 
water,  dried  over  anhydrous  MgSO^,  filtered,  and  solvent  evaporated  yielding 


0.94  g  (852)  of  a  white  amorphous  solid;  m.p.  155-159*0.  The  crude  reaccioa 
product  was  assigned  the  hydroximoyl  chloride  structure  of  4a,  based  on  the 
following:  NMR  (DMK-d,)  6  12.70  (s,  IH,  NOH),  8.15  (m,  2H,  phenyl),  and  7.57 
ppm  (m,  3U,  phenyl).  Analysis  for  CoHg^O^Cl;  Cal'd:  C,  48.32;  U,  2.68;  M, 
18.79.  Found:  C,  51.03;  H,  2.93;  N,  18.24. 

3-Phenyl-l ,2 ,4-oxadiasol-5-ylthiohydroximic  acid  2-(Diethylamino)ethyl 

S-Ester  Hydrochloride  (3a) . 

To  the  crude  hydroximoyl  chloride  4a_  (0.90  g,  4.0  mmol)  was  added  0.68  g 
(4.0  mmol)  of  diethylaminoethanethlol  hydrochloride  dissolved  in  75  mL  chloro¬ 
form  which  contained  2  mL  of  freshly  distilled  trlethylamlne.  The  total 
reaction  volume  was  increased  to  100  mL  adding  an  addltlnal  25  mL  chloro¬ 
form  and  the  resulting  solution  was  stirred  overnight.  The  reaction  mixture 
was  subsequently  washed  with  two  100  mL  portions  of  water,  dried  over 
anhydrous  MgSO^,  filtered,  and  the  solvent  removed  on  the  rotary  evaporator 
yielding  1.21  g  of  crude  3a.  The  crude  material  was  purified  by  column 
chromatography  using  lOOZ  diethyl  ether  eluant.  The  crude  product  was 
dissolved  in  a  minimal  amount  of  ether  and  placed  on  a  silica-gel  column. 
Fractions  of  40  mL  were  collected  and  examined  by  TLC,  like  fractions  were 
combined  and  concentrated  yielding  0*35  g  (27Z)  of  an  analytically  pure  yellow 
oil.  Analysis:  C,H,N. 

Purified  3^  was  converted  to  its  HCl  salt  by  dissolving  the  chroma¬ 
tographed  product  in  diethyl  ether  followed  the  dropwise  addition  of  an 
ethereal  solution  saturated  with  HCl  gas*  White  crystals  of  the  hydrochloride 
precipitated  from  solution  and  were  filtered  and  dried  in  vacuum,  m.p.  199- 
201*C  (Dec).  Wa  (DMSO-d,),  6  13.88  (br,  s,  IH,  NOH),  8.10  (m,  2U,  phenyl), 
7.69  (m,  3H,  phenyl),  3.63  (m,  2H,  SCH,),  3.17  (m,  6H,  CH,),  and  1.17  ppm  (t, 
6H,  CHj). 

3-Bromomethyl-4-methyl-l , 2 , 5-oxadiazole* 

In  a  500-mL  round  bottom  flask  was  placed  24.5  g  (0.25  mole)  of  freshly 
distilled  3,4-dlmsthyl-l,2,5-oxadlazole  (7b).  44.5  g  (0.25  mole)  of  N-bromo- 
succlnlmide,  1.5  g  of  benzoyl  peroxide,  and  600  mL  of  carbon  tetrachloride. 

The  resulting  slurry  was  refluxed  overnight,  filtered  hot  into  1  L  of  water 
and  the  organic  layer  subsequently  washed  with  three  250-mL  portions  of  water. 
The  organic  layer  was  dried  over  azdiydrous  MgSO^,  filtered,  and  concentrated, 
yielding  33.5  g  of  crude  product.  The  NMR  of  the  crude  material  showed  an 
approximate  60Z  conversion  with  the  remainder  starting  material*  The  mono- 
bromide  can  be  distilled  at  96-100*0  under  a  water  aspirator  vacuum;  however, 
the  crude  material  was  used  in  subsequent  reactions  without  further  purifica¬ 
tion;  NMR  (CDCI3),  6  4.59  (s,  2H,  CH2Br)  and  2.50  ppm  (s,  3H,  CH3). 


^Caution:  3-Bromomethyl-4-methyl-l,2,5-oxadlazole  is  a  severe  lachrymator  and 
should  be  handled  accordingly. 
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In  a  SOO-mL  round  bottom  flask  was  placed  33 >5  g  of  the  crude  3-broiBo- 
methyl-4-methyl-*l,2,5-'Oxadlazole,  prepared  as  above,  25  g  of  potassium 
carbonate  and  350  mL  of  water.  The  resulting  mixture  was  heated  to  90*C  and 
stirred  for  90  minutes.  The  resulting  aqueous  solution  was  decanted  from  a 
small  amount  of  residual  oil,  saturated  with  sodium  chloride,  and  extracted 
with  three  75-iid.  portions  of  diethyl  ether.  The  combined  ether  extracts  were 
dried  over  i-igSO^  filtered  and  concentrated,  yielding  11.95  g  of  the  crude 
alcohol.  The  NtA  of  the  crude  alcohol  showed  a  30Z  contamination  with 
3,4-dlmethyl-l,2,5-oxadlazole.  The  3-hydroxymethyl  compound  was  used  without 
further  purification.  NMR  (CDCI3),  6  4.88  (a,  2H,  CH-),  4.55  (br,  s,  IH,  OH) 
and  2.47  ppm  (s,  3H,  CH3). 

3-Formyl-4-methyl-l ,2 ,5-oxadlazole 

To  100-mL  of  3.5  N  nitric  acid  was  added  11  g  of  the  crude  3-hydroxy- 
methyl-4-methyl-l,2,5-oxadlazole  prepared  above.  To  this  solution,  preheated 
to  50”C,  was  added  132  g  of  ceric  ammonium  nitrate  In  300  mL  of  3.5  N  nitric 
acid,  and  the  resulting  mixture  stirred  at  this  temperature  '"or  6  hr.  The 
resulting  mixture  was  cooled,  extracted  with  three  75-mL  portions  of  methylene 
chloride,  the  combined  extracts  washed  with  two  100-id.  portions  of  water,  then 
with  100  mL  of  1  N  NaUCO^  and  100  mL  brine.  The  methylene  chloride  was  dried 
over  anhydrous  MgSO^,  filtered  and  solvent  evaporated,  yielding  5.0  g  of  crude 
aldehyde.  The  NMR  of  the  crude  product  Indicated  the  presence  of  three 
components:  methylene  chloride,  aldehyde  and  starting  material  3,4-dlmethyl- 
1,2,5-oxadlazole.  An  overall  yield  of  3.75Z  from  the  dimethyl  compound,  7_b 
was  recorded.  NMR  (CDCI3),  6  10.40  (s,  IH,  C(O)H)  and  2.62  ppm  (s,  3H,  083). 

3-Hydroxylmlnomethyl-4-methyl-1.2.5-oxadlazole  (2b) 

3- Formyl-4-methyl-l,2,5-oxadlazole  (1.12  g,  10  nmol)  dissolved  In  100  mL 
of  absolute  ethanol  was  treated  with  0.7  g  (10  nmol)  of  hydroxy lamine  hydro¬ 
chloride  and  0.79  g  (10  mmol)  of  pyridine.  The  resulting  mixture  was  refluxed 
for  two  hr.  The  ethanol  was  removed  under  aspirator  vacuum  and  the  residue 
taken  up  In  100  mL  diethyl  ether.  The  ethereal  solution  was  washed  with  two 
50-nd.  portions  of  1  N  UCl,  dried  over  anhydrous  MgSO^,  filtered  and  concen¬ 
trated,  yielding  750  mg  of  a  white  amorphous  solid  which  proved  to  be  a 
mixture  of  the  desired  oxime  contaminated  with  3,4-dlmethyl-l,2,5-oxadlazole. 
Recrystallization  from  30-60*C  petroleum  ether  yielded  300  mg  (23. 6Z)  of 
analytically  pure  2b;  m.p.  54-56*C.  NMR  (OMSU-d^),  6  12.42  (s,  IM,  WOH),  8.40 
(s,  IH,  CHNO),  and  2.50  ppm  (s,  3H,  CH3).  Analysis:  C,H,N. 

4- Methyl-l,2,5-oxadlazol-3-yl  Hydroxylmovl  Chloride  (4b) 


To  3-hydroxylmlnomechyl-4-methyl-l,2,5-oxadlazole  (2b)  (230  mg,  1.8  mmol) 
dissolved  In  15  mL  of  dlmethylfomamide  was  added  with  stirring  240  mg  (1.8 
nmol)  of  N-chlorosucclnlmlde.  The  resulting  mixture  was  stirred  at  room 
temperature  for  20  min  and  15  mL  of  HCl  gas  was  bubbled  Into  the  reaction 
mixture.  After  30  min  the  reaction  mixture  was  heated  to  50*C  and  allowed  to 
slowly  cool  for  40  min.  At  the  end  of  the  90-mln  reaction  time  the  mixture 


was  poured  into  60  mL  of  water.  The  aqueous  solution  was  extracted  with  two 
50-nL  portions  of  diethyl  ether,  the  combined  ether  extracts  were  washed  with 
three  50-mL  portions  of  water,  dried  over  anhydrous  MgSO^,  filtered  and 
concentrated;  yielding  260  mg  (96Z)  of  the  crude  hydroxlmoyl  chloride.  NMK 
showed  an  approximate  80%  conversion  to  the  desired  hydroxlmoyl  chloride 
product.  NMR  (CDClo),  6  12.10  (s,  IH,  NOH),  and  2.50  ppm  (s,  3H,  CH3).  This 
material  was  used  without  further  purification. 

4^ethyl-l,2.5-oxadlazol-3-ylthlohydroxlmlc  acid  2-(Dlethylamlnoethyl 

S-ester  Hydrochllrlde  (3b) 

To  the  230  mg  (1.4  mmol)  of  hydroxlmoyl  chloride  prepared  above  and 
dissolved  In  50  mL  chloroform  was  added  240  mg  (1.4  mmol)  of  dlethylamlno- 
ethanethlol  hydrochloride  and  290  mg  (2.8  mmol)  of  trlethylamlne.  The 
resulting  mixture  was  stirred  overnight,  then  washed  with  two  50-mL  portions 
of  water,  dried  over  anhydrous  MgSO.,  filtered,  and  solvent  removed,  yielding 
350  mg  of  viscous  yellow  oil.  NMR  Indicated  that  the  majority  of  the  crude 
reaction  mixture  ms  the  desired  product  contaminated  with  the  starting 
material  2b.  This  mixture  was  chromatographed  on  125  g  of  silica  gel  using  a 
diethyl  ether  eluent;  like  fractions  were  combined  and  concentrated  after  TLC 
examination,  yielding  150  mg  (41%)  of  the  free  amine  ^  clear  oil.  The 

hydrochloride  salt  of  was  prepared  by  dissolving  the  above  oil  In  25  mL 
diethyl  ether  and  adding  dropwlse  an  ethereal  solution  saturated  with  HCl 
gas.  White  crystals  of  the  hydrochloride  precipitated  from  solution.  The 
crystals  were  filtered,  and  dried  under  vacuum,  yielding  170  mg  of  analytic¬ 
ally  pure  3b  hydrochloride;  m.p.  121-122“C.  NMR  (DMSO-d^),  6  13.14  (s,  IH, 
NOH),  3.20  (m,  8H,  CHj)  and  1.22  pim,  (t,  6H,  CH3).  Analysis:  C,H,N,S,C1. 

1.4-Diphenyl-5-hydroxylminomethyl-1.2,3-trlazole  (2c) 

Phenyl  azlde^^  (12.0  g,  0.10  mol)  and  phenylpropargyl  aldehyde  (12.5  g, 
0.1  mol)  were  added  to  65  mL  toluene  and  refluxed  overnight.  The  solvent  was 
removed  and  the  Intermediate  1 ,4-dlphenyl-5-formyl-l,2,3-trlazole  (7d)  was 
separated  and  purified  from  the  isomeric  l,5-dlphenyi-4-formyl-l,2,3-trlazole 
(7e)  by  silica  gel  chromatography  with  4:1  CH2CI2: 30-60 ”C  petroleum  ether 
eluant.  Subsequent  treatment  of  7^  with  one  equivalent  of  hydroxylamlne 
hydrochloride  and  recrystallization  from  CH3OH  per  the  method  of  Sheehan  and 
Roblnson^^  yielded  1.5  g  (5%)  of  NMR  (OMSO-d.),  6  12.10  (br,  s,  IH,  NOH); 

8.22  (s,  IH,  CHNOH);  7.88  (m,  2H,  phenyl)  and  7.60  ppm  (m,  8H,  phenyl).  IR 
(KBr)  3000  (br,  s),  1580  (m),  1480  (s),  1440  (s),  970  (s)  and  825  (s)  cm"!. 
Analysis  for  C.eH.jNAO.  Calc'd:  C,  68.17;  H,  4.58;  N,  21.20.  Found:  C, 
68.05;  H,  4.53;  N,  20.53. 


1.4- Dlphenyl-1.2.3-trlazol-5-yl  hydroxlmoyl  chloride  (4c) 

1.4- Dlphenyl-5-hydroxylmlnomethy 1-1, 2, 3-triazole,  2c_  (1.07  g,  4  mmol) 
dissolved  In  30  mL  of  dlmethylformamlde  was  treated  with  0.54  g  (4  mmol)  of  N- 
chlorosucclnlmlde .  Reaction  and  workups,  similar  to  those  described  for  4a, 
yielded  1.07  (90%)  of  a  white  crystalline  material;  m.p.  164-168''C.  The  crude 
reaction  product  was  assigned  the  hydroxlmoyl  chloride  structure  ^  based  upon 
the  following;  NMR  (DMK-d^),  6  12.53  (s»  IH,  NOH),  7.95  (m,  2H,  phenyl)  and 


7.60  ppm  (m,  8H,  phenyl).  Analysis  for  C.eH|.NACl;  Cal'd:  C,  60.30;  i,  3.69; 
N,  18.76;  Cl,  11.89.  Found:  C,  61.50;  H,  3.93;  N,  18.45;  Cl,  10.13. 

1.4- Diphenyl-1.2.3-Trlazol-5-yl  Thlohydroxlmlc  Acid  2-(Dlethyl 

aialno)ethyl  S-Ester  (3c) 

TreaCment  of  hydroxlmoyl  chloride  4£  with  dlethylamlnoethaneChlol  hydro¬ 
chloride  as  described  previously  for  4a  and  4b,  yielded  0.50  g  of  crude  3c. 
Recrystalllzatlon  from  95%  ethanol  yielded  0.38  g  (24%)  of  analytically  pure 
3c;  m.p.  152-155“C;  MMR  (DMSO-dg),  6  12.58  (s,  IH,  NOH)  7.92  (m,  2H,  phenyl), 
7.67  (m,  8H,  phpenyl),  2.20  (m,  8H,  CH2)  and  0.70  ppm  (t,  6H,  CH3) • 

Analysis:  C,H,N,S. 

1 .5- Dlphenyl-4-hydroxylmlnomethyl-l ,2 ,3-trlazole  (2d) 

Compound  2^  was  prepared  from  the  corresponding  aldehyde  2a.  as  described 
above  for  2c.  Recrystalllzatlon  from  95%  C2HeOH  yielded  3.1  g  (10%)  of  the 
desired  material.  iMR  (DMSO-d.),  6  11.4  (s,  IH,  NOH);  8.16  (s,  IH,  CHNOH), 
and  8.20  ppm  (m,  lOH,  phenyl).  IR  (KBr),  3175  (s),  1480  (s),  980  (s),  830 
(s),  755  (s)  and  680  (s)  cm~^.  Analysis:  C,H,N. 

1.5- Dlphenyl-1.2.3-Trlazol-4-yl  Hydroxlmoyl  Chloride  (4d) 

4-Hydroxylmlnomethyl-l,5-dlphenyl-l,2,3-trlasole,  2d.  (2.64  g,  10  aaol) 
was  dissolved  In  50  ml  dlmethylformamlde  with  stirring  while  N-chlorosucclnl- 
mlde  (1.34  g,  10  nmol)  was  added.  The  resulting  mixture  was  stirred  15  min 
followed  by  bubbling  15  mL  of  HCl  gas  through  the  solution.  The  solution  was 
stirred  an  additional  15  min,  heated  to  55*C  and  allowed  to  cool  slowly  to 
ambient  temperature  (about  one  hr).  The  resulting  mixture  was  poured  Into  200 
mL  water  and  extracted  with  two  100-mL  portions  of  ether.  The  ether  extracts 
were  combined,  washed  with  three  100-id.  portions  water,  dried  over  anhydrous 
NgSO^,  filtered  and  concentrated,  yielding  2.76  g  (92%)  of  a  white  crystalline 
compound;  m.p.  179-184*C.  The  solid  material  was  assigned  the  hydroxlmoyl 
chloride  structure  4d  based  upon  the  following:  NMR  (DMK-dg),  5  11.25  (s,  IH, 
NOH)  and  7.38  ppm  (m,  lOH,  C^He).  Analysis  for  CicHiiNaCI:  Calc'd:  C, 

60.30;  H,  3.69;  N,  18.76;  Cl,  11.89.  Found:  C,  61.18;  H,  3.72;  N,  18.81;  Cl, 
10.15. 


1.5-Dlphenyl-1.2.3-Trlazol-4-yl  Thlohydroxlmlc  Acid  2-(Dlethyl 
amlno)ethyl  S-Ester  (3d) 

The  hydroxlmoyl  chloride  4^  (2.69  g,  9.0  mmol)  In  75  mL  of  chloroform  was 
treated  with  1.48  g  (9.0  mmol)  of  dlethylamlnoethanethlol  hydrochloride  and  6 
mL  of  trlethylamlne  (excess)  and  the  resulting  solution  stirred  overnight. 
Concentrating  the  crude  reaction  solution  on  the  rotary  evaporator  yielded 
3.18  g  of  a  white  crystalline  product.  The  crude  precipitate  was  triturated 
with  a  60%  ethanol/40%  water  solution  and  filtered.  The  precipitate  was  dried 
over  P2O5  yielding  2.94  g  ^83.0%).  Two  recrystalllzatlons  from  a  75% 
chloroform/25%  methanol  solution  yielded  analytically  pure  3d;  NMR  (DMSO- 
dg),  6  12.13  (br,  s,  IH,  NOH)  7.48  (a,  lOH,  phenyl),  2.55  (m,  9H,  CH2)  and 
0.89  ppm  (t,  6H,  CH3).  Analysis:  C,H,N,S. 


4-Formyl-l-pheny 1-1, 2. 3-triazole  (7f ) 


To  5.0  g  (28.5  omol)  of  4-hydroxymethyl-l-pheny 1-1, 2, 3-triazole  (prepared 
by  the  cycloaddition  of  2-propyn-l-ol  with  1  equivalent  of  phenyl  azide, 
was  added  a  0.5M  solution  of  ceric  anmonium  nitrate  (32.9  g,  2.1  equivalents) 
in  120  mL  water.  The  reaction  mixture  was  heated  to  75*’C  for  90  min,  cooled, 
and  extracted  with  three  100-mL  portions  of  diethyl  ether.  The  combined  ether 
extracts  were  washed  with  two  100-mL  portions  of  a  1  N  NaHCOo  solution,  dried 
over  anhydrous  MgSO^,  filtered  and  the  solvent  was  removed  yielding  light 
yellow  crystals  of  the  crude  aldehyde.  Column  chromatography  of  the  crude 
aldehyde  on  silica-gel  using  a  methylene  chloride  eluent  yielded,  after 
removal  of  solvent,  1.77  g  (35. 4Z)  of  analytically  pure  aldehyde,  m.p.  97-99°C 
(Lit.  m.p.  99-100“C).^^  Analysis:  C,H,N. 

4-Hydroxyiminomethyl-l-pfaenyl-l ,2,3-triazole  (2e) 

4-Formyl-l-phenyl-l,2,3-triazole  (7f )  (1.79  g,  10.2  mmol)  dissolved  in 
150  nd.  of  absolute  ethanol  was  treated  with  0.77  g,  one  equivalent,  of 
hydroxyamlne  hydrochloride  and  0.81  g  pyridine.  The  resulting  mixture  was 
refluxed  for  2  h,  the  ethanol  evaporated,  and  the  residue  taken  up  in  150-mL 
diethyl  ether.  The  ether  was  washed  with  two  100-mL  portions  water,  followed 
by  the  addition  of  100  mL  of  diethyl  ether  saturated  with  UCl  gas  to  remove 
residual  pyridine.  Subsequent  washing  with  two  additional  100-mL  portions  of 
water,  drying  over  anhydrous  MgSO^,  filtering  and  solvent  removal  yielded  750 
mg  of  a  white  crystalline  product.  The  material  was  recrystallized  twice  from 
95Z  ethanol  yielding  550  mg  (29Z)  of  an  analytically  pure  sample  of  2e;  m.p. 
171-173*C.  NMR  (DMSO-dg),  6  12.17  (s,  IH,  NOH),  9.24  (s,  IH,  CHNO),  7.98  (m, 
2H,  phenyl),  7.88  (s,  IH,  trlazolyl)  and  7.55  ppm  (m,  3H,  phenyl). 

Analysis:  C,H,N. 

l-Phenyl-l,2,3-triazol-4-yl  Hydroxlmoyl  Chloride  (4e) 

To  2e  (250  mg,  1.3  mmol)  dissolved  in  15  mL  of  diemthylformamlde,  180  mg 
(1.3  mmoTJ*  of  N-chlorosucclnlmide  was  added.  After  20  min  stirring  the 
solution  was  heated  to  50*C  and  allowed  to  cool;  then  10  mL  of  HCl  gas,  was 
bubbled  into  the  reaction  mixture.  After  20  min  additional  stirring  the  crude 
reaction  mixture  was  poured  into  60  mL  ice-water.  Extraction  with  two  40-mL 
portions  of  diethyl  ether  followed  by  washing  the  combined  ethereal  extracts 
with  three  50-mL  portions  of  water,  drying  over  anhydrous  MgSOA,  filtering  and 
concentrating,  yielded  260  mg  (89Z)  of  a  white  crystalline  product.  NMR 
showed  essentially  quantitative  conversion  to  the  desired  hydroxlmoyl  chloride 
product.  NMR  (CDCI3),  6  11.53  (s,  IH,  NOH);  8.8  (s,  IH,  CH  trlazolyl),  7.85 
(m,  2H,  phenyl)  and  7.50  ppm  (m,  3H,  phenyl).  This  material  was  used  without 
further  purification. 

l-Phenyl-1.2,3-triazol-4-yl  Thiohydroximic  Acid  2-(Diethyl 

amino)ethyl  S-Ester  (3e) 

To  260  mg  (1.2  mmol)  of  4e,  prepared  above  and  dissolved  in  50  L  chloro¬ 
form,  was  added  0.20  g  diethyla^noethanethlol  hydrochloride  and  0.5  g 
(excess)  trlethylamlne.  The  resulting  mixture  was  stirred  for  two  hours,  then 
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washed  with  two  50-mL  portions  of  water.  A  solid  that  remained  suspended  In 
the  chloroform  solution  dissolved  after  the  addition  of  SO  mL  of  diethyl 
ether.  The  mixture  was  dried  over  anhydrous  HgSO^,  filtered  and  concentrated, 
yielding  170  mg  (44%)  of  a  white  crystalline  compound.  The  crude  product  was 
recrystalllzed  twice  from  petroleum  ether  (30-60*0)  yielding  off-white  needles 
of  3e;  m.p.  241-243*0.  NMR  (DMSO-d^),  6  9.15  (s,  IH,  OH,  trlazoiyl),  7.95  (m, 
2H,  phenyl),  7.60  (m,  3H,  phenyl),  2.90  (m,  2H,  OH^)!  2.33  (m,  6H,  OH2)  and 
0.80  ppm  (t,  6H,  OH^).  Analysis  for  0^cH20^5^^*  Cal'd:  0,  56.60;  H,  6.29; 

N,  22.01;  S,  10.06.  Found:  0,  55.41;  H,  6.00;  N,  23.02;  S,  7.52. 


3-Bromomethyl-l , 2 , 5-thladlazole 

In  a  2S0-mL  round  bottom  flask,  was  placed  15.30  g  (15.3  mmol)  of 
3-methy 1-1 ,2, 5-thladlazole  (7g)  29.96  g  (16.8  mmol)  of  N-bromosucclnlmide,  0.4 
g  benzoyl  peroxide,  and  150  mL  carbon  tetrachloride  and  the  reaction  mixture 
was  refluxed  overnight.  The  crude  reaction  mixture  was  washed  with  two  75-mL 
portions  of  1  N  sodium  thiosulfate  and  with  two  50-mL  portions  of  water.  The 
resulting  solution  was  dried  over  anhydrous  HgSO^,  filtered,  and  solvent 
evaporated,  yielding  20.57  g  of  crude  product.  An  NMR  of  the  product  showed  a 
mixture  of  starting  material,  plus  mono-,  dl-,  and  trlbromo-substltuted 
products  formed  during  the  reaction  In  a  ratio  of  15:50:25:10,  respectively. 
This  crude  product  was  used  In  subsequent  reactions  without  further 
puruf Icatlon.  NMR  (CDCl^),  6  8.63  (s,  IH,  CH)  and  4.72  ppm  (s,  2H,  CH2Br). 

3-Hydroxymethyl-l , 2 , 5-thladlazole 

The  crude  3-bromomethy 1-1, 2, 5-thladlazole  (prepared  above)  was  treated 
with  20  g  potassium  carbonate  and  150  mL  water.  The  resulting  mixture  was 
heated  to  100*0  and  stirred  for  90  min.  The  crude  reaction  mixture  was  then 
saturated  with  sodium  chloride  and  extracted  with  three  100-mL  portions  of 
diethyl  ether.  The  combined  ethereal  extracts  were  dried  over  anhydrous 
MgSO^,  filtered  and  concentrated,  yielding  5.25  g  of  the  desired  alcohol, 
contaminated  with  a  small  quantity  of  the  dlbromo  compound.  NMR  (00013) , 

5  8.60  (s,  IH,  OH),  4.92  (br.  s,  2H,  OH2)  and  4.95  ppm  (br,  s,  IH,  OH). 

3-Formyl-l  ,2 , 5-tliladlazole 


3-Hydroxymethyl-l, 2, 5-thladlazole  (5.25  g,  45  mmol)  was  treated  with  52  g 
of  ceric  ammonium  nitrate  dissolved  In  190  mL  of  water.  The  resulting 
solution  was  heated  to  75*0  for  45  min  and  the  crude  reaction  mixture 
extracted  with  two  50-mL  portions  of  diethyl  ether.  The  combined  ether 
extracts  were  dried  over  anhydrous  MgSO^,  filtered,  and  solvent  removed, 
yielding  the  desired  aldehyde.  Isolation  of  the  aldehyde  proved  difficult 
because  the  material  was  volatile  and  codlstllled  with  ether.  As  a  result  of 
this  volatility  the  aldehyde  was  converted  to  the  desired  oxime  without 
Isolation.  NMR  (ODOI3),  6  10.25  (2,  lU,  C(O)H)  and  9.10  ppm  (s,  IH,  CH) . 

3-Hydroxylmlnomethy 1-1,2, 5-thladlazole  (2f ) 


In  a  I  L  flask  was  placed  approximately  5.7  g  (50  mmol)  of  crude 
3-formy 1-1, 2, 5-thladlazole  In  200  mL  diethyl  ether,  3.5  g  (50  mmol) 
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hydroxylamlae  hydrochloride,  3*9  g  pyridine  and  500  mL  absolute  ethanol.  The 
resulting  mixture  was  refluxed  overnight,  concentrated,  and  then  taken  up  In 
200  mL  diethyl  ether.  The  ethereal  solution  was  washed  with  two  150-mL 
portlns  of  1  H  HCl  followed  by  two  ISO-mL  portions  of  water,  dried  over 
anhydrous  MgSO^,  filtered  and  concentrated,  yielding  1.05  g  (16Z)  of  ^  as  a 
white  crystalline  material.  The  NMR  of  the  crude  product  was  consistent  with 
an  assigned  structure  of  the  E-  and  Z-aldoxlmes  (see  above). 

Recrystalllzatlon  from  25Z  diethyl  ether/75Z  petroleum  ether  (SO-bO^C) 
yielded  an  analytically  pure  sample  of  the  mixed  E-  and  Z-aldoximes;  m.p.  148- 
149**C  NMR  (DMSO-d^):  z-aldoxlme  (major  component),  5  12.10  (s,  IH,  NOU),  9.12 
(s,  IH,  CHNO),  ana  8.43  ppm  (s,  IH,  CH);  E-aldoxlme  (minor  component),  6  12.53 
(s,  IH,  NOH),  9.50  (s,  IH,  CHNO),  and  7.95  ppm  (s,  IH,  CH).  Analysis; 

C,H,N,S. 

1.2.5-Thladlazol-3-yl  Hydroxlmoyl  Chloride  (4f) 

Aldoxlme  ^  (160  mg,  1.1  mol)  dissolved  In  15  mL  dlmethylformamlde  was 
treated  with  N-chlorosucclnlmlde  (160  mg,  1.1  mmol).  Reaction  and  workup 
Identical  to  those  described  previously  for  ^  yielded  190  mg  (lOOZ)  of  the 
desired  hydroxylmoyl  chloride.  NMR  (DMK-d^),  6  12.07  (s,  IH,  NOH),  and  9.00 
ppm  (s,  IH,  CH).  This  material  was  converted  to  3f  without  further  purifi¬ 
cation  or  characterization. 

1.2.5-Thladlazol-3-yl  thlohydroximlc  acid  2-(Dlethylamlno)ethyl 

S-Ester  (3f) 

To  190  mg  (1.1  mmol)  of  4f  prepared  above  in  (50  iiiL  of  chloroform)  was 
added  210  mg  (1.1  mmol)  of  dlethylamlnoethanethlol  hydrochloride  and  250  mg 
(2.2  mmol)  of  trlethylamlne.  The  reaction  mixture  was  stirred  for  2.5  h  then 
washed  with  two  100-mL  portions  of  water,  dried  over  MgSO/^,  filtered  and 
concentrated,  yielding  a  yellow  oil. 

The  oil  slowly  solidified,  was  triturated  with  diethyl  ether,  and 
filtered,  yielding  55  mg  (19Z)  of  ^  as  white  crystalline  material;  m.p.  122- 
124*C.  An  analytical  sample  of  3f  was  obtained  by  column  chromatography  of 
the  ethereal  residue  on  slllca-gel  using  a  diethyl  ether  eluant.  Like 
fractions  were  combined  and  concentrated  after  TLC  examination.  NMR  (UlK-dg) , 
5  9.07  (s,  IH,  CH),  2.10  (m,  2H,  SCHo),  2.50  (m,  6H,  CH,)  and  0.95  (t,  6H, 
CH3).  Analysis  for  CoHicNaS,:  Cal'd:  C,  41.54;  H,  6.15;  N,  20.77.  Found: 

C,  41.13;  H,  6.26;  N,  21.62. 

3-Bromomethyl-4-methyl-l ,2 ,5-thladlazole* 

The  subject  material  was  prepared  In  a  manner  similar  to  that  described 
above  for  3-bromomethyl-l,2,3-thladlazole.  An  NMR  of  the  crude  reaction 
product  showed  a  mixture  of  starting  material  and  monobromide,  with  an 


^Caution:  3-Bromomethyl-4-mcthyl-l,2,5-thladlazole  Is  a  severe  lachrymator 
and  should  be  handled  accordingly. 


approximate  60Z  converaloa.  The  material  was  converted  to  the  alcohol  without 
further  characterization.  NMR  (CDCl^),  6  4.55  (2,  2U,  ca2Br)  and  2.50  ppm  (s, 

3H,  CH3). 


3-Hydroxymethyl-4-methyl-l ,2 ,5-thladlazole 

The  crude  monobromide,  described  above,  was  treated  as  described 
previously  for  3-bromomethyl-l,2,5-thiadiazole  with  potassium  carbonate  In 
water  at  90"C,  yielding  the  crude  oonoalcohol  contaminated  with  only  small 
quantities  of  the  dibromide.  NMR  (CDCU),  6  4.80  (br,  s,  3H,  CH2OH),  and  2.50 
ppm  (s,  3H,  CH^).  The  material  was  oxidized  to  the  corresponding  aldehyde 
without  further  purification. 

3-Formyl-4~methyl-l ,2 ,5-thladlazole 

The  crude  monoalcohol  (12.75  g,  0.1  mmol)  was  treated  with  104  g,  2.1 
equivalents  of  ceric  ammonium  nitrate  dissolved  In  400  mL  of  water.  Reaction 
and  workup,  as  described  for  the  previously  prepared  aldehydes,  yield  the 
volatile  aldehyde.  Because  of  the  aldehyde's  volatility  it  was  converted  to 
the  desired  oxime  without  Isolation.  NMR  (CDCI2),  6  10.27  (s,  IH,  C(O)H)  and 
2.80  ppm  (s,  3H,  Gl^) . 

3- Hydroxylmlnoethyl-4-methyl-1.2.5-thladlazole  (2g) 

In  a  1  L  flask  was  placed  6.4  g  (50  mmol)  of  the  freshly  prepared 
aldehyde  described  above  In  225  mL  diethyl  ether,  3.5  g  (50  mmol)  hydroxyl- 
amine  hydrochloride  3.9  g  pyridine  and  500  oL  of  absolute  ethanol.  The 
resulting  mixture  was  refluxed  for  two  h,  and  the  solvent  was  evaporated.  The 
residue  was  dissolved  In  75  mL  of  diethyl  ether,  the  ether  washed  with  two 
I50-mL  portions  of  IN  HCl  followed  by  150  mL  of  water.  The  ethereal  solution 
was  dried  over  MgSO^,  filtered  and  concentrated  to  yield  crystalline  2g.  An 
analytical  sample  was  obtained  by  repeated  recrystallization  from  a  1:1 
petrolexun  ether  (30-60*0) /diethyl  ether  mixture;  m.p.  131-134*0.  NMR  (DMSO- 
dg),  6  12.05  (s,  IH,  NOH),  8.48  (s,  IH,  OH),  and  2.73  (s,  3H,  OH3). 

Analysis:  0,H,N,S. 

4- Methyl-1.2.5-thladlazol-3-yl  Hydroxlmoyl  chloride  (4g) 

A  1.73  g  (12  mmol)  sample  of  2g,  prepared  above,  dissolved  In  60-mL 
dlemthylformamlde  was  treated  with  1.62  g  (12  mmol)  of  N-chlorosucclnlmlde. 

The  hydroxlmoyl  chloride  ^  was  obtained  In  a  manner  similar  to  that  described 
for  the  previous  hydroxlmoyl  chlorides.  The  NMR  Indicated  an  approximate  85Z 
conversion  to  the  hydroxlmoyl  chloride.  NMR  (DHK-d^),  6  12.88  (s,  IH,  NOH) 
and  2.80  ppm  (s,  3H,  OH^).  The  material  was  converted  to  3g  without  further 
purification. 

4-Methy 1-1.2, 5-thladlazol-3-yl  Thlohydroxlmlc  acid  2-(Dlethyl 

amlno)ethyi  S-Ester  hydrochloride  (3g) 

To  1.55  g  (8.7  nmol)  of  4g  prepared  above,  in  75  mL  of  chloroform  was 
added  1.48  g  (8.7  mmol)  dlethylanlnoethanoethlol  hydrochloride  and  1.76  g 


(17.4  uffliol)  of  CrleChylamlne  (two  equivalents),  and  the  resulting  solution  was 
stirred  overnight.  The  crude  reaction  mixture  was  then  washed  with  100  mL  of 
water,  dried  over  anhydrous  MgSO^,  filtered,  and  concentrated.  TLC  examina¬ 
tion  of  the  residue  (diethyl  ether  eluent  on  silica-gel)  Indicated  three 
components.  The  crude  material  was  purified  on  125  g  of  silica-gel  using  a 
lOOZ  diethyl  ether  eluant.  The  first  fraction  proved  to  be  2g;  NMR  and 
melting  point  were  Identical  to  authentic  sample.  The  second  fraction,  0.93  g 
(39Z)  of  a  yellow  oil,  proved  to  be  the  free  amine  of  the  desired  3g.  The 
hydrochloride  salt  of  3£_  was  prepared  by  dissolving  the  above  oil  in  25  mL  of 
diethyl  ether  and  adding  dropwise  an  ethereal  solution  saturated  with  HCl 
gas.  Upon  addition  of  the  ethereal  HCl,  white  crystals  of  the  hydrochloride 
salt  3g_  precipitated.  After  saturation,  the  white  crystals  were  filtered  and 
dried  under  vacuum,  yielding  0.98  g  of  analytically  pure  3g;  m.p.  179-182°C. 
NMR  (DMSO-dg),  6  12.72  (a,  IH,  NOH),  3.18  (m,  9H,  CH,),  2.63  (s,  3H,  CH3)  and 
1.10  ppm  (t,  6H,  CH3).  Analysis:  C,H,N,S,C1. 


AChE  Reactivation 

Ethyl  p-nitrophenyl  methylphosphonate  was  added  to  a  slight  excess  of 
electric  eel  AChE  in  pH  7.6,  0.1  M  morphollnopropane  sulfonic  acid  buffer,  and 
NaN3  (0.002Z),  MgCl2  (0.01  m),  and  bovine  serum  albumin  (O.OlZ).  Aliquots  of 
ethyl  methylphosphonyl-AChE  were  diluted  into  buffer  solution  containing 
reactivators  at  various  concentrations,  and  Incubated  for  timed  intervals 
before  withdrawing  aliquots  and  assaying  for  activity  by  the  method  of 
Ellman.^^  All  experiments  were  performed  at  25  ±  0.5*C.  Elate  constants  were 
determined  by  linear  least-squares  regression  analysis  of  the  data  and  error 
limits  reported  as  standard  deviations.  Details  of  the  method  have  been 
previously  described. 
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